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“I am indebted to Mr. Tenney for hundreds of specimens from Lancaster, Massachusetts… Emys insculpta 
is so common in the neighborhood of Lancaster, about forty miles from Boston, that I have at times 
collected more than a hundred specimens in one afternoon…” 
 
Louis Agassiz, Contributions to the Natural History of the United States (1857) 
~ 
“…saw a great many wood turtles on the bank of the Assabet to-day… this year it is but a step for them to 
the sunny bank, and the shores of the Assabet and of ditches are lined with them…” 
 
Henry David Thoreau, Journal (March 31, 1858) 
~ 
 
 “Unless the present trajectory is offset… there is little hope that… wood turtles will survive in the 
Northeast through the next century.” 
 
Michael Klemens, Status and Conservation of the Turtles of the Northeastern United States (1997)  
~ 
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ABSTRACT  
SPATIAL ECOLOGY, POPULATION STRUCTURE, AND CONSERVATION OF 
THE WOOD TURTLE, GLYPTEMYS INSCULPTA, IN CENTRAL NEW ENGLAND 
MAY 2009 
MICHAEL T. JONES, B.A., HAMPSHIRE COLLEGE 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Paul R. Sievert 
 
 
 
Wood turtles (Glyptemys insculpta) are of conservation interest rangewide. Anecdotal 
accounts demonstrate that some populations have been decimated since 1850, and recent 
studies demonstrate that declines are still underway.  From 2004  — 2008 I investigated 
the ecology of wood turtles in Massachusetts and New Hampshire. I obtained between 
one and five years of annual home range data for 150 turtles, and evaluated population 
structure at 31 sites in five major watersheds.  
Seasonal floods displaced 7% of wood turtles annually in one watershed, and 
accounted for elevated mortality. Twelve wood turtles were displaced < 16.8 km, and two 
were displaced over a 65-foot dam. Several turtles overwintered at their displacement site 
and two returned successfully, indicating that floods are a mechanism of population 
connectivity. Several homing turtles ended up in new areas. Turtles occupied stream 
segments with gradient < 1%, lower than generally available.  
 xi 
Agricultural machinery accounted for most observed mortality, followed by 
automobiles and mammals. Female turtles exhibit smaller home ranges in agricultural 
areas. Older turtles move farther from the river than do young turtles, possibly reflecting 
their familiarity with a former landscape.  
Population density ranged from 0  — 40.4 turtles / river-kilometer. The highest 
densities occur in central New Hampshire and lower densities occur in the Housatonic 
watershed. Population density is negatively correlated with agriculture at both riparian 
and watershed scales, and responds unimodally to forest cover. Wood turtle populations 
in western Massachusetts are declining by 6.6 — 11.2 % annually. 
I estimated ages of turtles by assessing shell-wear rates from photographs. Wood 
turtles regularly achieve ages over 80 years, and like related species, do not exhibit clear 
signs of senescence. Old wood turtles are reproductively dominant, and their survival 
rates are twice as high as young turtles. Carapace scutes appear to require 80 years to 
become worn.  
Population modeling indicates that wood turtle populations are declining in New 
England due to anthropogenic and natural factors. Conservation efforts must address the 
effects of agriculture on adult survival. Climate change may negatively affect 
northeastern wood turtles through increased flooding. Populations in mountainous areas 
may be likely candidates for conservation because they don’t occupy prime agricultural 
land, but may be more susceptible to floods. 
 xii 
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CHAPTER 1 
 
INTRODUCTION 
 
Of thirteen non-marine turtles native to New England and adjacent New York, ten are 
considered to be rare, in decline, or otherwise at risk, and are officially protected by at 
least one of the New England states (Table 1-1). Two species (Graptemys geographica 
and Apalone spinifera) are components of a widespread, Great Lakes fauna, and occur in 
New England only in the Champlain and Hudson watersheds. Three species (Glyptemys 
muhlenbergii, Emydoidea blandingii, and Pseudemys rubriventris) occur in southern 
New England as isolated relicts at the northern extent of their range. Anecdotal accounts 
and empirical data indicate that all five native species in the family Emydidae, subfamily 
Emydinae (Clemmys guttata, E. blandingii, Terrapene carolina, G. muhlenbergii and 
Glyptemys insculpta), are currently declining (see Babcock 1919). In addition, members 
of the emydine clades exhibit terrestrial behaviors that increase the susceptibility of 
adults to habitat fragmentation, road construction, and agricultural activities such as 
plowing, mowing, haying, and field conversion.  
The North American wood turtle, G. insculpta, is a widespread, semi-terrestrial, 
stream-dwelling species associated with a diversity of upland habitat types from Nova 
Scotia to Minnesota and Virginia. Historical reports indicate that G. insculpta was 
abundant in portions of central and eastern Massachusetts in the 1800s (e.g., Thoreau 
1857, 1858; Agassiz 1857 p. 294; p. 444; Allen 1868, in Babcock 1919). Specifically, it 
may be inferred from Agassiz (1857) that populations exceeding one hundred adults 
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occurred near Lancaster, Massachusetts, until at least the mid-1800s, and from Thoreau 
(e.g., 1857, 1858) that similarly large populations occurred in the Assabet River in 
Concord, Massachusetts at the same time. Agassiz similarly notes that the markets of 
Washington, D.C., were inundated daily with hundreds of wood turtles bound for food 
markets. Unfortunately, rigorous estimates from the 1800s do not exist. 
Thorough scientific investigation of the life-history of wood turtles (Glyptemys 
insculpta, LeConte 1830) in New England extends back at least to the 1850s. Henry 
David Thoreau (e.g., 1857) seemed more or less fascinated by the wood “tortoises” he 
encountered by the dozen along Concord’s Assabet River, and his extensive field journals 
reveal a painstaking attention to detail and patient regard for the creatures in hand. 
However, as often seems to be the case, Thoreau did not foresee the species’ steep 
decline, even as he lamented the loss of the alewife, shad and other species from the 
Concord River watershed. And at the same time, not fifteen miles west in the Nashua 
Valley, the similarly detail-oriented, though less sentimental, Louis Agassiz (1857) 
incautiously collected hundreds of adult wood turtles from the fields and forests around 
Lancaster, ushering in a century of intensive scientific collection.  
The wood turtle, once abundant, is now largely extirpated from eastern 
Massachusetts, and it has severely declined in western Massachusetts. Many populations 
are functionally extinct (see Chapter 4, this volume). Where it persists, it occurs in 
scattered, isolated colonies typically numbering less than 50 adults (Chapter 4, this 
volume). Such numbers as encountered by Thoreau and Agassiz are difficult to fathom 
today. A seasoned researcher, were s/he to spend a few hours in May on the Assabet 
River between Route 2 and the Concord River, might find only a couple of careworn and 
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world-weary wood turtles. To the knowledge of the author, in the last twenty-five years, 
only one wood turtle has been reported from either Thoreau’s section of the Assabet or 
Agassiz’ Nashua floodplain (NHESP 2009). 
The wood turtle is a now a species of conservation concern throughout its range, 
where it is afforded full protection from commercial harvest by every state in which it 
naturally occurs. Wood turtles are listed in Appendix II of the Convention on the 
International Trade in Endangered Species (CITES).  In the early 1990s, a coalition of 
conservation interests petitioned the U.S. Fish and Wildlife Service to list the wood turtle 
as a federally threatened species (RESTORE 1994). While that petition was denied, the 
wood turtle was more recently identified by the Endangered Species Coalition as one of 
ten species in need of federal listing (ESC 2008).  
Scientific understanding of the wood turtle’s natural history and seasonal ecology 
increased dramatically in the 1980s, when John Kaufmann (e.g., 1986, 1992) initiated a 
long-term population study in Centre County, Pennsylvania. Comparable life-history 
studies have since been undertaken in Ontario by Ron Brooks (e.g., Brooks and Brown 
1992; Brooks et al. 1992) and Dina Foscarini (e.g., Foscarini 1994; Foscarini and Brooks 
1997); in Québec by Raymond Saumure (e.g., Saumure 2004; Saumure et al. 2007), 
Andrew Walde (e.g., Walde et al. 2003; 2008), Martin Arvisais (Arvisais et al. 2002), and 
Roger Bider, Jacques Jutras, and Claude Daigle (e.g., Saumure and Bider 1998; Daigle 
and Jutras 2005). Additional excellent, intensive field studies have been conducted in 
Maine by Brad Compton (1999; Compton et al. 2002); in New Hampshire by Sheila 
Tuttle and David Carroll (2003), in Connecticut by Steven Garber and Joanna Burger 
(Garber and Burger 1995), and at several other locations throughout its range.  
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This dissertation continues the line of inquiry established by the above-listed authors. 
I attempt to provide pragmatic solutions to reverse wood turtle decline at managed sites, 
and also to investigate fundamental aspects of wood turtle biology overlooked by 
previous authors. Much of this research was conducted in the context of establishing a 
long-term research framework to evaluate population trends, and with the intention of 
informing habitat management and conservation planning in New England that will 
reverse or mitigate ongoing population declines. 
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Tables 
Table 1-1. A summary of listing status for the 13 non-marine turtles native to New 
England and adjacent New York. 
          
          
Family Species CT ME MA NH NY RI VT Federal 
Chelydridae Chelydra serpentina 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
          
Chrysemys picta 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
Clemmys guttata 
not 
listed T 
not 
listed SC 
not 
listed 
not 
listed* E 
not 
listed 
Emydoidea 
blandingii 
not 
native E T T T 
not 
native 
not 
native 
not 
listed 
Glyptemys insculpta SC 
not 
listed SC 
not 
listed* 
not 
listed C SC 
not 
listed 
Glyptemys 
muhlenbergii E 
not 
native E 
not 
native E 
not 
native 
not 
native T 
Graptemys 
geographica 
not 
native 
not 
native 
not 
native 
not 
native 
not 
listed 
not 
native SC 
not 
listed 
Malaclemys terrapin 
not 
listed 
not 
native T 
not 
native 
not 
listed E 
not 
native 
not 
listed 
Pseudemys 
rubriventris 
not 
native 
not 
native E 
not 
native 
not 
native 
not 
native 
not 
native E 
Emydidae 
Terrapene carolina SC E SC 
not 
listed* 
not 
listed 
not 
listed* 
not 
native 
not 
listed 
          
Kinosternon 
subrubrum 
not 
native 
not 
native 
not 
native 
not 
native E 
not 
native 
not 
native 
not 
listed 
Kinosternidae 
Sternotherus 
odoratus 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed 
not 
listed SC 
not 
listed 
          
Trionychidae Apalone spinifera 
not 
native 
not 
native 
not 
native 
not 
native 
not 
listed 
not 
native T 
not 
listed 
          
* While not listed, the species is afforded some level of protection, such as a ban on collection and/or possession  
Source: Connecticut Department of Environmental Protection (http://www.ct.gov/dep); Maine Department of Inland Fisheries and 
Wildlife (http://www.maine.gov/ifw/); Massachusetts Division of Fisheries and Wildlife (http://www.mass.gov/dfwele/dfw); New 
Hampshire Fish and Game Department (http://www.wildlife.state.nh.us); New York Department of Environmental Conservation 
(http://www.dec.ny.gov/); Rhode Island Department of Environmental Management (http://www.dem.ri.gov/); Vermont Fish and 
Wildlife Department (http://www.vtfishandwildlife.com) 
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CHAPTER 2 
 
EFFECT OF SEVERE FLOODS ON THE POPULATION STRUCTURE AND 
BEHAVIOR OF WOOD TURTLES 
 
Abstract 
Floods exert varying levels of influence on populations of stream-dwelling 
vertebrates, depending on their life history and seasonal habitat use. Severe floods alter 
channel geomorphology and riparian habitat, drown and displace individual animals, and 
reduce reproductive rates, but high-magnitude floods occur relatively infrequently in 
unconstrained, low-gradient systems. The wood turtle (Glyptemys insculpta LeConte 
1830) is a species of conservation interest through its North American range. The wood 
turtle overwinters in a variety of stream types, and is potentially affected by severe floods 
through habitat alteration and displacement of individual turtles during hibernation. In the 
Deerfield River watershed, Massachusetts, I radio-tracked 38 adult wood turtles for 1 to 5 
years and observed displacement of 12 individual turtles, along with hatchlings from 
three nests, during eight floods between 2004 and 2008. Displacement of adults averaged 
4.8 km (range 1.4 - 16.8 km). I estimate that floods displaced 7.0% of the wood turtle 
population in the Deerfield drainage annually. Floods represent a significant source of 
mortality and a potentially important mechanism of population connectivity. I also 
combine survey and radiotelemetry data with GIS-based, predictive, landscape models to 
demonstrate that wood turtles avoid stretches of high-gradient stream. Avoidance of high-
gradient stream may in part be an evolutionary mechanism to avoid severe winter floods. 
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Both the avoidance of high-gradient stream, and displacement of adults during floods, 
appears to occur in other species of turtles. Because high-elevation, mountain streams are 
more prone to severe seasonal flooding, they may serve as less suitable locations at which 
to conserve populations of wood turtles.  
 
Introduction 
Severe seasonal floods affect stream-dwelling organisms by altering channel 
geomorphology and floodplain vegetation, connecting the stream corridor to isolated 
floodplain wetlands, facilitating dispersal, and displacing, drowning, or injuring 
individual animals (Goldthwait 1928; Collins et al. 1981; Hupp 1982; Jones 1996; 
Anderson et al. 2000). The effect of floods on aquatic vertebrates, primarily fish, has 
been documented in several systems (e.g., Elwood and Waters 1969; Collins et al. 1981; 
Erman et al. 1988; Jowett and Richardson 1989; Strange et al. 1992). However, the direct 
effects of floods on freshwater turtles, a widespread component of the vertebrate fauna of 
temperate and tropical streams worldwide, have been largely neglected. 
Several studies, however, have indicated that seasonal flooding influences the 
behavior of individual turtles, especially in riverine populations of map turtles 
(Graptemys spp.). One detailed study found that in response to flooding, yellow-blotched 
map turtles (Graptemys flavimaculata) alter their behavior seasonally to accommodate or 
exploit high flow conditions (e.g., Jones 1996). Several authors have suspected that 
western pond turtles (Actinemys marmorata) are occasionally displaced and carried 
downstream during floods (e.g., Ashton et al. 1997; D. Holland pers. comm.), but this is 
seldom documented (but see a spectacular example of displacement in Actinemys 
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marmorata in Alvarez 2005). In a recent radio-telemetry study of wood turtles in 
Rockingham County, Virginia, two radio-equipped male wood turtles were displaced 
approximately 9 km by a flood in November 2006 (Sweeten 2008).  
Flood-prone streams are an example of “non-equilibrium” systems (Picket 1980), and 
especially in mountainous landscapes, seasonal flood events can be magnified or 
absorbed by a suite of landscape variables such as surrounding vegetation, stream 
gradient, watershed area, and valley shape (Goldthwait 1928; Wong 1963). Flood size 
and frequency are generally the products of complex interactions between watershed 
area, tributary and main channel slope, valley shape, and precipitation frequency (Horton 
1945), although Wong (1963) demonstrated that mean annual floods in New England can 
be accurately predicted using only stream length and average land slope, indicating that 
large, high-gradient streams are the most prone to destructive floods. Floods are also 
more pronounced in streams with constrained valley walls (Wong 1963). In northern and 
high-elevation regions, winter and spring floods are generally more severe than summer 
floods, because in addition to the compounding factor of snowmelt, streamside snow 
pack increases stream bank height and constrains elevated flows (Erman et al. 1988).  
High susceptibility to flooding in these types of habitats could be an important reason 
why wood turtles are rare in or absent from high-relief, mountainous regions in the 
northeastern United States and adjacent Canada, such as the White Mountains, New 
Hampshire; High Peaks region of the Adirondacks, New York; Cape Breton Highlands, 
Nova Scotia; and the Gaspé Peninsula of Québec, although the lack of suitable stream 
habitat and climatic variables are also likely a significant limiting agent for wood turtles 
in these regions (e.g., Compton 1999). Due to their four- to six-month aquatic dormancy 
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period, northern turtles may be exposed to more severe dormant-season floods, 
suggesting further that northern stream-dwelling turtles are most likely to be limited in 
distribution by the frequency and severity of winter floods.  
From 2004 to 2008, I examined the effect of floods on the population structure and 
individual behavior of wood turtles in central Massachusetts. These effects were 
quantified using radio-telemetry and mark-recapture techniques.  
 
Methods 
Study Sites 
My study area was comprised of 22 discrete stream segments along 19 tributaries of 
the Connecticut, Deerfield, Housatonic, Merrimack, and Westfield Rivers in 
Massachusetts and New Hampshire. Sites ranged in elevation from 42 to 432 m, while 
stream watershed area (a surrogate for stream size) ranged from 49 to 46,275 ha. River 
substrate was variable between and within sites, and included sand, gravel, cobble, 
broken rock, and exposed bedrock. Stream channel gradient associated with wood turtle 
occurrence ranged from 0 - 5% and averaged 0.83%.  
Surrounding upland landscape varied between sites and included active and 
abandoned agricultural fields (hay, pasture, corn, potato, soybean), residential and 
industrial development, gravel pits, power line rights of way, temperate forests of varying 
ages dominated by white pine (Pinus strobus), red maple (Acer rubrum), red oak 
(Quercus rubra), white ash (Fraxinus americana), hickories (Carya spp.), hemlock 
(Tsuga canadensis) and black cherry (Prunus serotina), northern hardwood and boreal 
forests dominated by sugar maple (Acer saccharum), American beech (Fagus 
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grandifolia), yellow birch (Betula alleghaniensis), balsam fir (Abies balsamea) and red 
spruce (Picea rubens), and floodplain forests dominated by silver maple (Acer 
saccharinum), American elm (Ulmus americana) and sycamore (Platanus occidentalis) 
with understories dominated by ostrich fern (Matteuccia struthiopteris). Several sites 
supported large and aggressive colonies of invasive plants, such as Japanese knotweed 
(Polygonum cuspidatum), bishop’s goutweed (Aegopodium podagraria), oriental 
bittersweet (Celastrus orbiculatus), black locust (Robinia pseudoacacia), garlic mustard 
(Alliaria petiolata), coltsfoot (Tussilago farfara) and reed canary grass (Phalaris 
arundinacea). State-listed or rare plants occurring at some sites include dwarf scouring-
rush (Equisteum scirpoides), fringed gentian (Gentianopsis crinita), and Giant St. 
Johnswort (Hypericum ascyron).  
Most of the observed and inferred flood-displacement occurred at five sites (denoted 
Sites A though E) on two tributaries of the Deerfield River in Franklin County, 
Massachusetts (Table 2-1; Figure 2-1).  I have limited most of my assessment to those 
sites. The Deerfield sites, which represent a continuum of four discrete sites on one 
tributary from the headwaters to the main stem, and also a single site on a separate 
tributary, range in elevation from 46 to 268 m. These sites exhibit the entire observed 
range of stream gradient from 0 to 5%, although the average available stream gradient at 
these sites was 1.58%, higher than the average stream gradient of the remaining sites 
(0.49%). In general, these sites are more heavily forested than the other sites and some 
are largely situated in narrow valleys. The exact locality is withheld for conservation 
purposes.  
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Field Methods and Data Collection 
Initial surveys for wood turtles began 8 April 2004, and continued at daily to weekly 
intervals between April and November until July 2008. Wood turtles were initially 
located by searching streams and streamside vegetation on foot or by canoe. In general, 
large rivers were surveyed by canoe, and small streams on foot, following a similar 
protocol to that described by Compton et al. (2002), Arvisais et al. (2002), and Saumure 
(2004). Turtles were sexed (Ernst et al. 1994), approximately aged by counting annuli on 
the left abdominal scute, weighed to the nearest 2.8 g, and digitally photographed. The 
straight-carapace length (SCL) of each turtle, and seven related measurements of 
carapace and plastron, was measured to the nearest 0.25 mm using dial calipers 
(Appendix C). Turtles were classified as “juveniles” if they had visible new growth at the 
plastral midline (see Stickel 1978) and fewer than 9 lines of arrested growth (LAG). All 
turtles older than one year were individually marked by notching the marginal scutes with 
a triangular file (Ernst et al. 1974). 
Radio transmitters (MBFT-6, Lotek Wireless, Newmarket, Ontario; R2020, 
Advanced Telemetry Systems, Isanti, MN) were attached to 159 turtles using orthodontic 
acrylic resin (BioCryl Resin, Great Lakes Orthodontics, Tonawanda, NY). I equipped 
turtles with radio transmitters only if they were initially captured before 15 May in each 
year of study. I used this cutoff in order to insure obtaining measurements of movements 
to and from reproductive sites. I preferentially placed radios on adults that appeared to be 
in good health, without outward signs of illness such as swollen eyelids, bubbles or 
mucous at the nostrils, or recently amputated limbs or tails. Only turtles with body 
masses > 600 g were radio-equipped. I placed radios on an approximately equal number 
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of males and females at each site.  Radio-equipped turtles were located by radio telemetry 
at least once a week from the initial capture date until November. The period of tracking 
was intended to bracket the activity cycle of a female turtle, by capturing movements 
related to nesting and overwintering, and leaving time to remove or change radios in 
October. I defined a  complete turtle-year of data as being > 25 radio locations, collected 
at a regular frequency, over the entire active season. For the purpose of population 
estimation, all initial captures were considered “incidental” captures, but subsequent 
recaptures were only considered “incidental” if the animal was located without the aid of 
radio telemetry.  
Female turtles were palpated during late May and June to determine the presence of 
eggs (Compton 1999). In 2004-06, nests were located using reverse-spool thread bobbins 
(Danfield Threads; Winsted, CT), wrapped in a single piece of aluminum foil and 
attached to the carapace with duct tape, a modification of the technique used by Compton 
(1999). In 2007-08, nests were located opportunistically using evening surveys of nesting 
areas identified in previous years. Nests were protected with a ca. 50 cm x 50 cm sheet of 
!” hardware cloth buried under 3 — 5 cm of substrate, which was replaced by a 
hardware cloth cage in early August to monitor emergence (see Compton 1999).  
Turtle locations were mapped in the field using handheld GPS (12-channel Etrex, 
Garmin Inc., Olathe, KS) and entered into a Geographic Information System (GIS; 
ArcMap, ArcView 3.2a and Spatial Analyst; ESRI, Redlands, CA). Distances between 
locations were calculated using Microsoft Excel and ArcMap. Landscape data for each 
study area were derived using ArcMap (see Stream Gradient Analysis, below). 
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Flood Severity and Frequency Analysis 
U. S. Geological Survey (USGS) stream flow data (USGS 2008a) were available for 
only one of the 20 study sites, a tributary of the Deerfield River (Site C). Streamflow data 
from this site were collected at 15-min intervals and daily averages computed. 
Streamflow data are reported by the USGS in ft
3 
 per second (cfs), and I have reported 
flow measurements in their original statute format to facilitate interpretation. During the 
past 42 years, daily discharge at this site has averaged 55.5 ft
3 
 per second (cfs). I used 
daily average stream flow to define flood events during the study period, as well as to 
estimate flood events prior to the study’s initiation. Turtles at the Deerfield sites were 
only displaced during flood events with daily average flows > 800 cfs. Therefore, when 
evaluating historic conditions at this site, population-disrupting floods (“disruptive 
floods”) were defined as continuous high-water events during which daily average 
discharge at the Upper Deerfield USGS stream gage exceeded 800 cfs. This is consistent 
with the definition proposed by Resh et al. (1988), who defined disturbance in stream 
ecosystems as “any relatively discrete event in time that is characterized by a frequency, 
intensity, and severity outside a predictable range, and that disrupts ecosystem, 
community, or population structure and changes resources or the physical environment.” 
Using this definition, a potentially disruptive flood occurs when daily flows exceed 
14.5 times the average daily flow. To determine how frequently, and how extensively, 
floods affect western New England wood turtle populations, I used this figure to define 
disruptive flood events on all gauged streams west of the Connecticut River in 
Massachusetts. Each of the 11 streams (excluding three gage sites on very large rivers, 
wholly unlike the reference site) in this region with USGS stream flow data was assessed 
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for their relative flood frequency and seasonality. The average daily flow for each stream 
was calculated and multiplied by 14.5, to obtain an estimated disruptive streamflow for a 
given stream. Using Microsoft Excel, I then assessed how many of these events had 
occurred during the gauging history, and the proportion during May to September (turtle 
active season) as opposed to October to April (turtle dormant season).  
 
Definition of Displacement 
Radio-equipped turtles were considered involuntarily displaced if they appeared more 
than 1.4 km downstream of the limit of their previous year’s home range following a 
flood event. This threshold downstream length was based on the 75
th
 percentile “stream 
home range” (the total length of stream used in one year) of all radio-tracked turtles. 
Turtles were also considered displaced if they were buried in silt and debris during a 
flood, because it is presumed that the turtle would have died if I had not excavated it.  
 
Population Estimation 
I estimated population size in statistical program R using the program RCapture 
(Rivest and Lévesque 2001). I obtained population estimates using both closed- and 
open-population models, although my telemetry data, specifically annual mortality and 
emigration data, indicated that I violated the assumptions of closed-population modeling. 
Having obtained population estimates using open-population models (function openp() in 
RCapture)(Cormack 1985; Cormack 1989). I did not detect large differences between the 
open- and closed-population model-derived estimates. I selected the M0 closed-
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population model, where subscript ‘0’ designates that capture probabilities are uniform 
across animals and capture occasions, for subsequent analyses. 
Using closed-population M0 follows Daigle and Jutras (2005), and my decision was 
partly for the purpose of comparison with those authors. Additionally, the majority of 
captures occurred during the spring, prior to most observed emigration and mortality. 
 
Stream Gradient Analysis 
Because of the role played by channel slope in determining the power of seasonal 
floods, and my hypothesis that flood severity limits the local distribution of northern, 
riverine turtles, I examined the role of stream channel gradient on the multi-scale 
distribution of wood turtles in Massachusetts. I calculated stream gradient using two 
methods: 1) Using digital terrain models, stream gradient values were derived for the 
continuous length of stream used by each turtle, and also for a paired, random, non-
overlapping stream segment of a random length between 352 and 3520 m, the 25
th
 and 
95
th
 percentile of all observed stream home range lengths between 2004 and 2005. 
Random stream lengths were placed within a distance defined by the same biological 
distance parameters as the length of the segment itself (i.e. between 352 and 3520 m). In 
addition, I developed a statewide GIS stream model depicting stream order and gradient. 
I used contours derived from a 3 m digital elevation model (DEM), stream centerlines 
from the MassGIS 1:25,000 hydrography layer, derived from USGS topographic 
quadrangles (MassGIS), and a vector layer of stream order generated by the UMass 
Biodiversity Project (2005). Historic occurrences of wood turtles within the past 25 years 
were obtained from the Massachusetts Division of Fisheries and Wildlife, Natural 
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Heritage and Endangered Species Program (NHESP), for evaluation in conjunction with 
the statewide stream model. The distance from each of the 267 historic wood turtle 
occurrences, which occurred in both stream habitats and in upland areas, to the nearest 
stream segment with gradient " 1% was calculated using Nearest Features ArcView 
extension (Jenness 2007). To clarify this point, a wood turtle observation that occurred 
along a stream segment with estimated gradient " 1% would be assigned a value of ‘0’. 
These distances were compared with those expected by chance (i.e., distances from 236 
random points distributed along the stream layer to the nearest stream segment with "1% 
gradient) (Random Point Generator; Jenness 2005) using a t-test.  
  
Results 
Surveys 
I captured, marked, measured, and photographed 560 wood turtles without the aid of 
radio telemetry on 1,001 occasions between April 2004 and July 2008 in tributaries of the 
Connecticut, Deerfield, Housatonic, Merrimack, and Westfield Rivers in Massachuetts 
and New Hampshire (Table 2-2). During surveys, I also encountered 18 dead wood 
turtles, nine of which were road-killed. The majority of turtles were initially captured in 
April (N = 185) and May (N = 151) (33% and 27% of initial captures, respectively), when 
turtles were highly visible along stream banks and in streamside clearings. Turtles were 
captured both in streams and in associated riparian habitats. Of 294 initial captures 
between 2004 and 2007 within 5 m of a stream, most were associated primarily with 
sand, or mixed sand-gravel, substrate (N = 143; 48.6%), but also gravel (N = 44; 15.0%); 
cobble (N = 44; 15.0%) and silty sand (N = 34; 11.6%).  
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Radio Telemetry 
 I successfully radio-tracked 126 turtles for one year, 40 turtles for two years, 17 
turtles for three years and 5 turtles for four years, and obtained 8756 radio locations 
between 2004-2007 (Appendix A). A total of 65 turtles were tracked over the course of 
one or two winters, totaling 82 turtle-winters; I clarify this because it is during this time 
that floods are most severe, and it is during this time that turtles are dormant underwater. 
All but one turtle (male #502), which died while over-wintering in dry oak forest, 
hibernated in low-gradient (" 1.0%) sections of streams. Wood turtles overwintered in 
small beaver impoundments, in undercut banks, in logjams and debris jams, and exposed 
on the river bottom. Thirty-seven adults and one juvenile were tracked for at least one 
complete year at the streams comprising the Deerfield Sites. Thirty-three additional 
turtles were radio-equipped for varying lengths of time but not followed for a complete 
year due to death, radio failure, or unexplained signal loss.  
 
Floods 
During my four-year study, the Deerfield watershed experienced seven disruptive 
floods with average daily stream flows > 800 cfs, including a record flood on 9 October 
2005 when discharge at Site C exceeded 8700 cfs (USGS 2006). Disruptive floods 
occurred in October, January, March, and April (Table 2-3). Peak 15-minute streamflow 
during these floods ranged from 2,266 to 8,772 cfs (Table 2-3). During each flood 
exceeding 800 cfs, 1 - 4 radio-equipped turtles were displaced from their over-wintering 
site and transported downstream (Table 2-3). A major flood (mean daily discharge = 
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1060 cfs) occurred 1 April 2004, just days prior to the start of initial surveys for this 
project. A smaller flood occurred on 18 September 2004 (mean daily discharge = 599 
cfs), when most adult turtles were still out of the stream.  
 
Displacement of Turtles During Floods 
Twelve turtles in the Deerfield basin were displaced a total of 18 times, and at least 
four of these turtles were displaced multiple times (Table 2-4). Ten turtles were carrying 
radios when they were displaced or buried during floods, and two additional turtles, with 
varied radio telemetry histories, were also captured and radio-equipped following floods. 
I identified these two animals by their marginal notches and confirmed their identity 
using the digital photographs taken upon their initial capture. Although ten radio-
equipped turtles were displaced during floods, only seven were located at least once 
following displacement. Known displacement distances for these seven ranged from 1.4 
to 16.8 km and averaged 4.8 km. Several smaller displacements of radio-equipped turtles 
occurred, including one at a site in the Westfield watershed, but they were not included in 
my list unless the animal was entombed during transport. Of 38 radio-equipped turtles at 
the Deerfield sites, 10 (26%) were displaced by floods between 2004 and 2008. By 
averaging the proportion of turtles displaced in each flood, I infer a minimum annual 
displacement rate in the Deerfield basin, during the study period of ~7.0% of the adult 
population. This is a conservative estimate, as indicated by the proportion of radio-
equipped turtles displaced in each flood (Table 2-3.) Excluding the anomalous 100% 
displacement of three radio-equipped turtles on 4/16/07, I observed an average 
displacement rate per disruptive flood of 13% in my radio-equipped sample.  
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A small flood on September 18, 2004, provided the opportunity to examine the effect 
of late-summer floods on wood turtle hatchlings. Prior to this flood, nests situated on a 
large, sandy beach had been screened with hardware cloth. The screens were checked 
twice daily and the hatchlings had not yet emerged. During the flood, I removed the 
screens to allow egress, and discovered that the hatchlings had emerged during the high 
flow. I captured seven hatchlings but several were swept downstream. The captured 
hatchlings had caruncles and large, unabsorbed yolk sacs. From this sequence of events, I 
infer that occasional, late-summer floods force the evacuation of nest chambers and 
displace hatchlings downstream.  
 
Behavior Following Displacement 
Displaced turtles exhibited several unusual symptoms, which individually would not 
identify them as flood-displaced. However, in conjunction with one another, these 
symptoms provide valuable insight into the physiology and level of trauma associated 
with this event. Of the four female turtles recovered following displacement, only one 
became gravid in the year of, or following, displacement (whichever nesting cycle came 
first). The turtle that nested following displacement in 2005 (#75) did not nest in 2006, 
following a much larger displacement (Table 2-4). Displaced turtles were not observed 
copulating while at a downstream (i.e., displacement) location, and many were unusually 
visible along the stream corridor (Figure 2-2). When turtles ended up in deep-walled 
ravines, such as at Site D, animals without exception sought high ground (n = 3), moving 
to hayfields and clearcuts more than 200 m from the stream and up to 110 m above it.  
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Suspected Displacement 
Following the floods of April 2005, I evaluated my existing radio-equipped sample 
for possible flood victims from the flood of April 2004, or earlier floods, and 
subsequently evaluated new additions to my radio-equipped sample for indications of 
flood-displacement. My criteria to identify displaced turtles likely produced a 
conservative estimate of displaced turtles, since observed symptoms are not present in all 
cases. However, I identified three broad classes of symptoms based upon my 
observations of the 12 animals of known origin and displacement: 1.) injuries to shell, 
limbs, or tail, typically in the form of cracked or chipped marginal bone and missing 
keratin (Figure 2-3); 2.) extreme movement upstream, sometimes followed by year(s) of 
sedentary behavior at an upstream site; 3.) anomalous overland movement of extreme 
length, that is difficult to record because the animal suddenly moves out of telemetry 
range in an unpredictable direction. At least eleven additional turtles exhibited some 
combination of these physical or behavioral symptoms and I suspect that some of them 
were displaced prior to being equipped with radios (Table 2-5). Still, this is a cautionary 
assessment, because for each symptom listed above, several other plausible explanations 
exist. 
 
Mortality During and After Floods 
During floods on 3 April 2005, 16 April 2007, and 8 March 2008, a total of seven 
radio-equipped adult turtles from Sites C and D were transported over a 65-foot dam.  
Five turtles shed their radio-transmitters during transport over the dam. Of these, four 
radios were recovered up to 10.6 km downstream. Of the nine turtles that were relocated 
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following displacement, and successfully radiotracked during the year following their 
displacement, 4 (44%) died, or would have died (see below) within 1 year of 
displacement (Table 2-6). This estimate is conservative as turtles that lost their 
transmitters were not included in the sample. The mortalities were attributed to the 
following causes: Two turtles (female #66 and female #396) suffered mammalian 
predation and died subsequently due to infection and euthanasia, respectively. One male 
(#222) died of unknown causes during the winter following displacement, and his 
decomposed remains were recovered on a riverbank the following spring. Finally, one 
female (#99) was entombed during the April 1, 2005 flood and excavated alive six days 
later, and I assume this event would have been lethal had I not excavated the animal.  
 
Changes in Population Structure and Density 
Several differences in population structure and density were noted along a gradient of 
headwater-to-mainstem in the Deerfield watershed, supporting my observation that floods 
have the potential to alter population structure. The highest population densities were 
observed at Site B, a headwater site, while the lowest densities were observed on the 
main stem of the Deerfield River (Site E; Table 2-7). Age structure varied across sites, 
with the smallest proportion of juveniles (10%) occurring at Site A, followed by Site E 
(17%). Sites C and D, combined, contained 34% juveniles, and site B contained 23% 
juveniles. Additionally, differences in individual mutilation rates were observed. 
Headwater sites A and B exhibited soft-tissue mutilation rates (tail and / or limb 
amputation) of 12% and 48%, respectively, while mid-elevation sites C and D exhibited a 
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combined mutilation rate of 55%, and individuals in the main stem of the Deerfield River 
(Site E) exhibited a 75% mutilation rate.  
 
Homing 
Of the nine turtles radio-tracked the year following displacement, three clearly 
initiated a return to their original location, and two of those successfully reached their 
original home range within one year. Two of the homing female turtles (#75 and #66) 
covered meandering distances of 3.5 and 1.2 km along the stream corridor (e.g., Figure 2-
4), and one (#61) returned largely overland. This turtle successfully homed a straight-line 
distance of 2.5 km (meandering distance of 3.7 km) in 47 days (Figure 2-5). Additionally, 
of the 11 turtles identified in Table 2-5, the movements of three males (#268, #385, #417) 
(e.g., Figure 2-6) suggested an effort to home to familiar territory. Male #268 was 
initially captured in July 2005 in Deerfield, Massachusetts, and recaptured 3 km west in 
Conway, Massachusetts, in April 2006. Radio-tracked during 2006 and 2007, he 
maintained a westward trajectory and covered a straight-line overland distance of 17 km 
(Figure 2-6). Three additional males (#9, #128, and #350) made rapid upstream 
movements greater than 3 km, possibly exhibiting a homing response following an 
earlier, undocumented displacement. One male, #107, was displaced from Site B to Site 
C, and subsequently displaced to Site D, without initiating a return upstream (Figure 2-7). 
Another male, #276, was displaced from Site A to Site B, and subsequently walked 
overland to Site C, the opposite direction from his origin (Figure 2-8).  
A large proportion of displaced turtles homing to their original location crossed 
public roads (private and limited-access roads are excluded, but dirt roads are included). 
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Of the entire radio-equipped sample, 19 (15% of total sample) crossed over (rather than 
passing under roads at bridges) public roads. Of these, eleven (58%) were animals that 
were displaced during the course of the study, although not necessarily prior to road 
crossing.  
 
Fallout Location and the Importance of Dams 
Following displacement by a flood, turtles were recovered in segments of low-
gradient stream, adjacent to deep pools in large rivers, behind beaver dams that were not 
destroyed by the flood, and behind defunct dams. Three of nine (33%) displaced turtles 
were recovered above a single, defunct dam dating from the 1890s. Surveys between 
2004 and 2008 in the area upstream of this dam revealed 18 turtles and multiple instances 
of successful reproduction. Prior to dam construction in the 1890s, this section of river 
had considerably higher gradient than at present, and during the first half of the 20
th
 
century, the site was a reservoir (information obtained through landowner interviews).  
 
Stream Gradient Analysis 
Individual turtles throughout the Deerfield sites occupied stream home ranges with 
channel gradient significantly lower than available (paired t-test, mean used = 0.58%, 
mean random = 1.27%, n=38, p<0.001). Turtles across sites exhibited a similar avoidance 
of high-gradient stream habitat (mean used = 0.44%, mean random = 0.76%, n=73, 
p<0.001). To examine this trend state-wide, and to reduce the effect of sampling bias, I 
evaluated the distance of 267 historic wood turtle records to stream segments of 0-1% 
gradient, and found that historic observations were located significantly closer (32 m) to 
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low-gradient stream than 236 observations randomly placed along the stream layer (118 
m; p<0.001).  
 
Discussion 
Effects of Seasonal Floods on Wood Turtle Populations 
During high-flow conditions, turtles may passively disperse downstream, or be 
forcibly displaced from over-wintering sites. Seasonal floods may reduce population 
density, link isolated populations, and select for flood-avoidance behaviors, though this is 
difficult to document because these events are rare and difficult to observe, requiring 
many years of study in a relatively flood-prone system. Evidence gathered during my 
four-year study strongly suggests that seasonal and catastrophic floods are an important 
selective force in wood turtle populations occupying montane, lotic environments.  
 
Mortality and Population Collapse 
 Flood-related mortality accounted for four of seven mortalities of radio-equipped 
adults at the Deerfield sites (57%). This caused the overall number of observed 
mortalities of radio-equipped turtles at the Deerfield Sites to exceed those at my other 
study areas. 100% of observed mortality (n=4) was due to agricultural machinery at the 
Connecticut sites, little or no mortality was observed at the Housatonic and Merrimack 
sites (n=1 and n=0, respectively), and evenly distributed agricultural, automobile, 
mammal, and unknown sources of mortality were recorded at the Westfield sites (n=4).  
Although I detected differences in population structure across sites, I did not detect 
significant population declines at any of the Deerfield sites between 2004 and 2008. 
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However, I obtained reliable population estimates at multiple intervals for only two of the 
five sites. These data indicate that wood turtle populations did decline following the 
floods of 2005, but this trend may have be obscured at some sites due to repeated input of 
individuals from upstream.  
Additionally, it appears that reproductive ability is compromised in displaced turtles. 
The observed nesting rate of displaced females (approximately 0.20 – 0.25) is less than 
observed across all years of study and all study sites (0.71; Chapter 4, this volume).  
 
Homing 
Wood turtles and some other emydids (e.g., Clemmys guttata; Ernst 1968; Terrapene 
coahuila, Howeth et al. 2008) are capable of long-distance homing (to > 2.0 km in G. 
insculpta, Carroll and Ehrenfield 1978; to 9.71 km in Terrapene coahuila, Howeth et al. 
2008). A recent study in Virginia by Sweeten (2008) recorded meandering movements up 
to 19.5 km in male G. insculpta. My study presents additional evidence that wood turtles 
are capable of returning to familiar sites after being displaced more than 3.5 km 
downstream. In fact, regular displacement by floods or other natural disturbances (such as 
tidal action) may have been the mechanism by which homing abilities evolved in basal, 
stream-dwelling emydid turtles. At least one displaced wood turtle in my study returned 
to her initial capture site by traveling over land, indicating that wood turtles are not 
constrained to river corridors when returning home after floods. Turtles displaced great 
distances downstream may be exposed to roads, new habitat features, and unfamiliar 
wood turtle populations while homing because of their tendency to cross over land. It is 
possible that high quality habitat encountered while homing may be later incorporated 
 28 
into the home range. Two male wood turtles displaced by a 6,000 cfs flood in 
Rockingham County, Virginia, initiated a return upstream following displacement, but 
did not return to their capture site (Sweeten 2008).  
 
Exclusion of Lotic Turtles from High-Gradient, Flood-Prone Streams 
Floods appear to: a) preclude colonization of high-gradient stream habitats by turtles, 
or b) are a selective pressure for the development of flood-avoidance behaviors such as 
terrestrial brumation (e.g., A. marmorata from the western United States, which brumates 
terrestrially in some riverine populations). Alternatively, exceptionally dense populations 
may expand into marginal stream habitats, which are frequently affected by severe 
floods. I hypothesize that closer examination of turtle populations in flood-prone lotic 
environments will reveal some climate-dependent combination of low-gradient stream 
habitat selection, terrestrial hibernation, and / or colonization of newly created low-
gradient stream habitat, such as impoundments. Suitably low-gradient habitat may occur 
in stream basins with an overall gradient that is too steep, and severe floods probably 
exert greater influence on peripheral or climatically stressed populations. This may 
explain the absence of G. insculpta from suitable habitat in mountainous portions of its 
range. Wood turtle populations are generally sparse in mountainous regions such as the 
Adirondack State Park, New York, the White Mountain National Forest, New 
Hampshire, and the Green Mountains, Vermont (e.g., Bowen et al. 2004). Additionally, 
wood turtles are absent from the Gaspé Peninsula and portions of Cape Breton Island, 
which comprise elevated plateaus but also exhibit suitable, low-gradient stream habitat 
(Gilhen and Grantmyre 1973; Ernst et al. 1994; Gräf et al. 2003). 
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In the most thorough treatment to date of the effects of floods on turtles, Stickel 
(1948; 1978) reported that severe floods in 1945 did not negatively impact a Maryland 
population of the terrestrial Terrapene carolina but that floods in 1972 may have caused 
a marked population decline. Other studies are circumstantial or address the effect of 
floods peripherally: Jones (1996) hypothesized that male Graptemys flavimaculata in 
Mississippi seek out floodplain wetlands to avoid faster stream currents during periods of 
high water in winter, and Pluto and Bellis (1988) observed that Pennsylvania Graptemys 
geographica selected deep, slow riverine environments in the fall, and made large 
upstream movements during low-flow conditions. Similarly, Moll and Legler (1971) 
reported downstream movements of Pseudemys scripta during high-flow events, and 
Ernst (1974) documented habitat shifts, decreased recruitment, and increased depredation 
of adult Chrysemys picta following Hurricane Agnes in 1972.  
Evidence in turtle populations of physical displacement by any natural force is rare 
but sufficient to demonstrate that the phenomena examined here occur in several species. 
Involuntary displacement during floods has been reported or inferred in populations of G. 
insculpta (Sweeten 2008) and A. marmorata (D. Holland pers. comm.; R.B. Bury pers. 
comm.). In fact, the most complete, though unpublished, description of the potential 
effect of floods on freshwater turtles is related to a 2005 flood in southern California, 
after which 44 A. marmorata were found washed up on a 30-mile section of beach, and 
14 additional A. marmorata were found along coast roads after the floods, apparently 
attempting to return home (S. Pappas, California Turtle and Tortoise Society, pers. 
comm.). Seven (14%) died during rehabilitation. Probably an adaptation to avoid winter 
floods, A. marmorata hibernates on land where it occurs primarily in riverine habitats 
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(Reese and Welsh 1996; Ultsch 2006), which may allow it to exploit higher-gradient 
stream segments than G. insculpta. 
In addition to these accounts, several authors have recovered turtles from unusual 
locations possibly explained by flood-displacement. Latham (1971) reported dead G. 
insculpta washing up in eastern Long Island after heavy rains in northern New England. 
Lewis and Irwin (2001) reported two occurrences of alligator snapping turtles 
(Macroclemys temminckii) from St. Vincent Island, Florida, which could have 
represented animals displaced by floods from the Apalachicola River system.  
 
Flood Frequency in the Deerfield Watershed 
I reviewed USGS stream gauge records and peak stream flow statistics to evaluate 
how frequently floods at Site C exceeded daily flows of 800 cfs. During 42 years of 
observation (1966-2008), 21 floods exceeding 800 cfs occurred between September-April 
(when turtles are dormant) (USGS 2008a). This represents an annual rate of 0.50 floods 
per year, considerably lower than the frequency during my study, 1.67 floods per year. 
This is also the highest flood-frequency rate in western Massachusetts, according to my 
method of assessment (Table 2-8), although three gauged streams exceed a disruptive 
flood rate of 0.50 per year.  
Current projections indicate that the North American climate is becoming 
increasingly variable, meaning that there may be more pronounced wet and dry years 
(Watterson 2005; Morris et al. 2008), and also that precipitation will increase overall in 
the Northeastern United States (Meehl et al. 2005). Together, these projections suggest 
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that floods in the northeast will be become more frequent, and more severe, and exert a 
greater impact on wood turtle populations through displacement of individuals. 
 
Implications 
These data have several implications for the conservation of wood turtles, and for the 
general study and conservation of freshwater turtles in lotic habitats. Specifically, my 
data indicate the following five conservation implications for wood turtles: 
1) Floods may influence genetic structure within and between watersheds by 
linking populations that are not behaviorally connected (i.e., ‘islands’ of 
suitable stream habitat in an otherwise flood-prone system). While 
displacement is far more common on high-gradient streams, downstream 
populations are affected by their position as a repository for displaced turtles. 
Some ‘populations’ may consist almost entirely of turtles displaced from 
higher-order tributaries. 
2) In addition to causing direct mortality of adults, injuries sustained during 
flood-displacement may result in reduced reproductive success in the 
following year.  
3) Populations of wood turtles in low-gradient streams are less likely to be 
subject to displacement and mortality due to stochastic floods and may 
represent more stable conservation opportunities.  
4) Defunct dams on high-gradient streams may increase stream habitat suitability 
for wood turtles at some sites. In addition to reducing stream gradient, dams 
can act as catch basins for displaced turtles. Potential effects of dam removal 
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on up- and downstream wood turtle populations should be evaluated during 
re-licensing and long-term planning. However, the reverse (that dam removal 
will improve wood turtle habitat) is almost certainly more often the case.  
5) If flood severity increases in the New England region, this could exert greater 
pressure on wood turtle populations by elevating adult mortality. Populations 
that are apparently not affected by common sources of adult mortality, such as 
roadkill and agricultural activities, may be negatively impacted by an existing 
or increasing flood regime. Flood-displacement represents a hidden or cryptic 
source of mortality that is difficult to demonstrate empirically, but which may 
influence population structure more than traditionally reported threats.  
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Figures 
 
Figure 2-1.  Study area in the Deerfield River watershed of Massachusetts, showing 
approximate locations of study sites. 
 42 
 
Figure 2-2.  Female #66 basking on rock at lower right near mouth of tributary stream 
between Site D and Site E, 27 May 2005, approximately one month following 
displacement from Site D to Site E. Photo: Derek Yorks 
 43 
 
Figure 2-3. Male #222 from Site A, as found on 17 May 2007, one month following 
displacement to Site E. Extensive keratin loss from the vertebral and marginal regions is 
clearly visible. The lethargic posture of the animal is also characteristic of displaced 
turtles.
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CHAPTER 3 
 
LANDSCAPE DISTURBANCE AND WOOD TURTLE MOVEMENTS ON THE NEW 
ENGLAND LANDSCAPE 
 
Abstract 
Wood turtles are of conservation throughout their range as a result of perceived and 
documented population declines resulting from overcollection of adults, habitat 
fragmentation, and roadkill. To inform the regional conservation effort for this species, I 
examined the effect of sex, age, size, landscape disturbance, and availability of early-
successional habitat on the home range size of 126 wood turtles in Massachusetts, using 
multiple linear regression. Six measures of home range size were evaluated 
independently for males and females. Female wood turtles moved less in disturbed sites 
with high invasive species diversity and abundant early successional habitat. 
Additionally, older females had larger home ranges than younger females. Home ranges 
of males did not differ with the availability of open habitat, or with age. Female 
movements decreased linearly with evidence of past landscape disturbance and the 
availability of early-successional habitats. For species that require both early-successional 
and forested communities, such as the wood turtle, home range size is reduced where 
disparate resources are located in close proximity to one another. Over the range of 
disturbance I examined, I found a negative linear relationship between disturbance and 
home range size, but I suggest that once disturbance levels reach a high enough threshold, 
this relationship reverses, and home range increases with disturbance until finally the site 
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is so heavily modified that wood turtles are absent. I also report high mortality rates due 
to agricultural activities, which indicate that while New England wood turtles prefer 
early-successional habitats, mechanically creating those habitats may be inconsistent with 
wood turtle conservation.  
 
Introduction 
The benefits and costs of single-species management, whereby a target species is 
identified and conserved for its value as an indicator, umbrella, or keystone species, or 
solely for the species’ inherent appeal to conservationists and the general public, are 
actively debated (Simberloff 1998). The argument against this approach is complex and 
variable, and states that a species-by-species approach is not practical in the long run, and 
one’s resources are best invested in understanding the underlying mechanisms affecting 
community structure and species richness. Chase et al. (2000) demonstrated that few 
shrubland bird species in coastal California were indicators of species richness, and 
argued for diverting attention from single-species management toward an approach that 
identifies the full range of environmental variation in a given region and conserving 
representative components of that variation.  
The latter approach often concerns the introduction and maintenance of disturbance, 
or spatial heterogeneity, in a given landscape. Whether, and how, to reestablish ‘natural’ 
regimes and processes to maintain spatial heterogeneity in lieu of repeated management 
is increasingly discussed and debated, and is a tenet of the discipline of landscape 
ecology (Turner et al. 2001). While there is general acceptance that heterogeneity in 
availability of resources is a natural part of a dynamic system (Sousa 1984), there is 
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debate as to whether disturbance should be allowed into the system in the form of 
naturally occurring events or introduced via other means, such as mechanical disturbance.  
The Intermediate Disturbance Hypothesis (IDH; Horn 1975; Connell 1978; 
Wilkinson 1999) provides a useful bridge between biodiversity conservation and the 
underlying ecological disturbance processes. The IDH proposes that regular, moderate, 
disturbance regimes diversify habitats and increase species richness, and has received 
much support over the past 35 years, both at regional (e.g., beech forest diversity in 
Japan, Hiura 1995) and local (e.g., Roxburgh et al. 2004) scales, and in a variety of 
terrestrial, marine, and freshwater ecosystems (Collins and Glenn 1997). Traditionally, 
landscape heterogeneity, or a diversity of patches, was thought to be an important 
component of the IDH, but recently Roxburgh et al. (2004) demonstrated that the 
mechanisms allowing increased richness are “broader in scope and richer in detail than 
previously recognized.” Other authors have argued that the IDH oversimplifies complex 
ecological relationships (Huston 1994; McCabe and Gotelli 2000).  
The IDH provides a theoretical foundation for conserving early-successional features, 
such as grasslands at sites where they would be difficult to sustain via natural regimes. 
Several conservation paradoxes have emerged from this philosophical approach. For 
example, grassland birds have become a regional conservation priority in the northeastern 
United States (Norment 2002), where grassland cover has declined 60% since the 1930s 
(Vickery et al. 1999), but was never a dominant cover type prior to agricultural expansion 
in the 1800s. This is one example of a single group of organisms (grassland birds) 
benefiting from the applied principles of the IDH, but in addition, game species such as 
white-tailed deer (Odocoileus virginiana) are also managed at high densities by 
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promoting “edge” habitat where they would naturally be quite rare (e.g., Alverson et al 
1988). Implementing a flexible regime of landscape disturbance is one general way to 
avoid the complications and setbacks associated with single-species management. Broad-
scale disturbance as a means of increasing species richness, or managing for a target 
group or organisms, is common in the form of mowing and prescribed burning. However, 
the latter application (managing the landscape through disturbance to increase population 
density) is not included within the classical predictions of the IDH. It is reasonable, 
however, to examine how the applications of IDH in wildlife management to increase 
richness may affect population density of target species such as game animals and 
endangered species.  
While in many cases it appears that intermediate disturbance increases species 
richness, it is important to evaluate how a proposed regimen would affect individual 
species. The mechanical methods used to develop and maintain early-successional habitat 
features, such as mowing, scarification, and prescribed burning, may improve habitat for 
a number of species while reducing population size through direct mortality. Net species 
richness may increase under a regime of regular mechanical disturbance, but some 
disturbance-dependent species, such as long-lived vertebrates, may be intolerant of 
mechanical disturbance. 
The wood turtle (Glyptemys insculpta LeConte 1830) is a long-lived species that is 
disturbance-dependent, at least in the northern portion of its range, but is susceptible to 
population declines related to machinery mortality (e.g., Saumure and Bider 1998; 
Compton et al. 2002; Daigle and Jutras 2005). G. insculpta is a semi-terrestrial species, 
which occurs across the northeastern United States and southeastern Canada (Ernst et al. 
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1994; Amato et al. 2008). As a result of population declines across its range (Garber and 
Burger 1995; Daigle and Jutras 2005), wood turtles are a species of conservation interest 
and many representative populations have been studied. Wood turtles are dependent upon 
a wide range of stream habitats for over-wintering and migration between activity areas, 
and use a wide variety of habitats, such as cornfields, meadows, and alder (Kaufmann 
1992), bogs and scrubby clearcuts (Compton 1999), light agriculture and deciduous 
floodplain forest (Saumure 2004), and boreal coniferous forest (Arvisais et al. 2002).  
Recent investigations have demonstrated that within forested regions, wood turtles 
actively select herbaceous habitats with little canopy cover (e.g., Walde et al. 2003; 
Compton et al. 2002; Remsberg et al. 2006). Kaufmann (1995) considered the wood 
turtle an “edge species”, Compton (2002) found additional evidence for this description, 
and Saumure (2004) labeled the wood turtle “disturbance dependent.”  
However, while wood turtles are probably most abundant in areas with moderate 
levels of disturbance, the primary tenet of the IDH is that disturbance regimes influences 
species richness, and not individual species’ population density. In freshwater turtles, 
species richness at any given site is, to a large extent, a function of the site’s geographic 
locality (Iverson and Etchberger 1989), summer degree-days (e.g., see Compton 1999; 
Walde et al. 2008) and the diversity of wetland habitats present (Ernst et al. 1994). Given 
the extremely long lifespan of emydine turtles (e.g., Congdon et al. 2001; Litzgus 2006), 
it is unclear how the dynamics of IDH might apply to turtle population dynamics.  
Several general hypotheses can be proposed based on the observations listed above. 
While freshwater turtle species richness may or may not increase under intermediate 
disturbance regimes, it is possible that individual turtles respond behaviorally to varying 
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disturbance regimes. First, because wood turtles prefer early-successional habitats, their 
home ranges should be smaller in areas where early-successional habitat is (a) abundant 
and (b) regularly maintained. Additionally, turtles should incorporate newly created 
openings into their seasonal home range if the openings are created and maintained in a 
manner that does not elevate adult mortality.  
While several authors have noted variation in home range size of wood turtles due to 
gender and location at various scales within their geographic range (e.g., Arvisais et al. 
2002; Saumure 2004). Their explanations for this phenomenon have varied.  Arvisais et 
al. (2002) hypothesized that the large home ranges they observed in Québec were the 
result of reduced ecosystem productivity with increased latitude. Kaufmann (1995) also 
noted latitudinal variation, but Saumure (2004) noted that highly productive ecosystems, 
such as wetlands, are abundant even in boreal forest ecosystems. He argued that variation 
in home-range size was more strongly correlated with availability of open habitats within 
a forested matrix.  Currently, there is no consensus regarding the relative role of latitude 
and local habitat disturbance on wood turtle home range size.  
While both phenomena likely influence home-range size, in this study, I evaluate the 
effect of landscape and demographic variables on annual movements of wood turtles and 
make inferences concerning long-term movement patterns in different landscapes. I test 
the hypothesis, originating in the applications of the IDH, that home range size in 
disturbance-dependent animals should be reduced in areas of intermediate disturbance. 
Specifically, I test the hypothesis proposed by Saumure (2004) that home range size is 
negatively correlated with the availability of early successional summer habitat and the 
level of site disturbance, and that site fidelity is positively correlated with the availability 
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of early successional habitat. I define disturbance as anthropogenic and natural processes 
that create and maintain early-successional cover types.  
Additionally, I evaluate two competing hypotheses to explain differences in home 
range size. First, I explore the hypothesis of Arvisais et al. (2002) which states that home 
range size increases with latitude, as generally found in mammals (Harestad and Bunnell 
1979), and is explained by a decrease in biological productivity (Lieth and Whitaker 
1975). Second, I investigate the effect of individual fitness, as measured by size, age, and 
an individual-based injury index, on home range size (Harding 1985). I also present an 
empirical description of wood turtle annual home-range size, based upon four years of 
radio telemetry with a representative adult sample, and demonstrate that clearing land 
mechanically is inconsistent with wood turtle conservation. 
 
Methods 
Study Area 
My study area was a portion of central and western New England, incorporating parts 
of the Connecticut and Merrimack watersheds. I established 19 study sites along 16 
named 2
nd
 through 6
th
-order tributaries of the Connecticut, Deerfield, Merrimack, and 
Westfield Rivers in western Massachusetts and north-central New Hampshire (Figure 3-
1). Individual sites within these four major watersheds listed above were group by 
watershed for some analyses into “macrosites”. Sites ranged in elevation from 36 to 495 
m and occurred on glacial lake alluvium, Connecticut River sediments, and exposed 
bedrock. River substrates varied between sites and included sand, gravel and cobble, 
broken rock, and exposed bedrock. Surrounding upland landscapes included dairy farms 
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and cash crops, as well as deciduous floodplain, spruce-fir, hemlock, and transition and 
northern hardwood forest. Low-elevation sites lacking agricultural development exhibited 
extensive floodplain forests, which were not common at high-elevation and mountainous 
sites. Boreal associations of spruce and fir were frequent above 400 m while temperate 
communities of northern and transition hardwoods were dominant at lower elevations.  
 
Field Methods 
I captured wood turtles by hand during focused surveys in April and May, and 
opportunistically during biweekly radio telemetry exercises, from March-November 
2004-2008 (as described in Walde et al. 2003). I deployed radio transmitters as early as 
possible in the spring by capturing animals when they were basking in April and May. 
Turtles were individually marked by filing the marginal scutes with a triangular file using 
the numbering scheme of Ernst et al. (1974) (Appendix D), and measured and weighed 
following protocols of Compton (1999)(see also Chapter 1, this volume)(Appendix C).  
 
Aging Turtles and Assessing Level of Injury 
Adult turtles were approximately aged using a four-tiered assessment of external wear 
and pigment loss, based on my observations of G. insculpta and Stickel’s (1978) 
observations of Terrapene carolina. This assessment was based on: 1) evidence of recent 
growth along the medial seam of the plastron; 2) degree of plastral wear; 3) degree of 
carapacial wear; and 4) degree of plastral pigment loss. Turtles were individually scored 
on each of these four characters, and the individual scores were then summed to calculate 
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a relative age estimate (i.e., an “age-class” ranging from 0 to 12). This is a new approach, 
and is a major departure from assessing age based on annuli (Tuttle and Carroll 2003).  
To quantify the level of physical damage to individual turtles, I created an index that 
represented the average condition of limbs, tail, marginal scutes, and carapace. Each of 
thesee were rated as having little, moderate, or a high amount of damage (0, 0.5, or 1 
respectively). The value of each were summed for each turtle, resulting in an “injury 
index” ranging from 0 to 4.  
 
Radio Telemetry 
Microtransmitters (MBFT-6, Lotek Wireless; Newmarket, Ontario; R2020, Advanced 
Telemetry Systems; Isanti, MN) were selectively attached to about 55 turtles annually, 
with the study population being evenly distributed across the 19 study sites, and having 
an equal representation of males and females (see Compton et al. 2002). I digitally 
photographed the carapace and plastron of every individual captured, for the purpose of 
identifying animals that were crushed by cars or mowers and evaluating age at intervals 
separated by several years.  
Turtles were located 1 to 3 times per week from their initial capture until November, 
and sporadically throughout the winter. Turtles were usually located visually and their 
behavior recorded categorically, as follows: feeding, copulating, fighting, basking, 
quiescent, walking, nesting, or under substrate (i.e., in a ‘form’, Ernst et al. 1994). As 
necessary, more subjective behavioral assessments were noted, such as courting or nest-
searching.  
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I recorded multiple assessments of the habitat within 5 m of the turtle location 
(approximately 20 m
2
). Specifically, I recorded vegetation composition at three levels: 
canopy (>3 m), shrub (woody plants <3 m) and herbaceous (all herbaceous, vascular 
species). Dominant species at each level were recorded in order. I categorized the overall 
cover of the 20 m
2 
plot as deciduous, mixed, or coniferous forest, scrub-shrub, old field, 
hayfield, pasture, row crop, gravel pit, or ‘other’ (which was noted). The presence of a 
pronounced ecotone between forest, shrub, and field cover types was noted. If a river or 
stream entered the 20 m
2 
plot, I recorded the dominant substrate size (clay, muck, silt, 
sand, gravel, cobble, rock) and relative current: ‘still’ = no current detectable; ‘steady’ = 
current detectable; ‘fast’ = whitewater present.  
For the analyses described below, I restricted my dataset to telemetry locations 
recorded between 1 May and 31 October (hereafter, “activity season”). Turtles captured 
after 15 May, or killed during the activity season, were excluded from analyses for that 
year. Turtles with fewer than 25 observations during this period were also excluded. This 
cut-off was selected to be consistent with the minimum location rate of one per week 
reported by recent wood turtle studies (Compton 1999; Arvisais et al. 2002; Saumure 
2004). Turtle locations were mapped in the field using handheld GPS (12-channel Etrex, 
Garmin Co.) and entered into a geographic information system (ArcMap, ArcView 3.2a 
and Spatial Analyst; ESRI, Redlands, CA). The methods described above were approved 
by the Institutional Animal Care and Use Committee at the University of Massachusetts 
(#24-02-01; #27-02-02). 
 
Assessing Mortality in the Radio Telemetry Sample 
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I attempted to determine the cause of mortality for every turtle in my radio telemetry 
sample. If a radio stopped transmitting, I considered whether the animal could have been 
killed by agricultural machinery, or killed on the road. If the animal’s behavior or 
trajectory indicated that either threat was possible, I spent several hours searching for 
evidence. When found, the carcass was positively identified from digital photographs 
taken upon the capture location, and frozen. If a turtle was killed on the road, or in a farm 
or hay field, I interviewed neighbors and farmers to estimate the date, time, and 
circumstances of the animal’s death.  
 
Home Range Estimation 
For each turtle radiotracked at least one complete year, I calculated six measures of 
home range size for statistical analysis. Each turtle was included in the following 
analyses only once, and was generally represented by its first complete year on record. 
Because the total number of radio locations would vary significantly from year to year, I 
standardized the number of radio locations used for analysis to 25 – 30 by randomly 
removing points throughout the season. I calculated the following 6 home range metrics, 
selected after one year of radio-telemetry indicated that movement patterns varied across 
sites and between sexes: 1) July-August median distance from river; 2) July-August 
maximum distance from river; 3) average daily distance traveled; 4) linear home range; 
5) stream home range; 6) minimum convex polygon 95% (area added method) (White 
and Garrot 1990)(Table 3-1).  
The distance of each upland location to the nearest utilized perennial stream was 
calculated using ArcView 3.x Nearest Feature Extension (Jenness 2004). Streams were 
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defined as perennial if they were never observed dry during the course of this study. I 
defined utilization as at least one telemetry location within 10 m of the perennial stream. I 
calculated the median and maximum distance to stream for all radiolocations collected 
in July and August. I selected this period because it followed nesting, and was prior to the 
turtles returning to water.  
Euclidean distances between successive points for each turtle were calculated in 
Microsoft Excel using the Pythagorean Theorem, and the total distance traveled was 
summed for the entire activity season. This number was then divided by the number of 
days the animal was radiotracked to obtain an approximately Daily Distance Traveled. 
I calculated Linear Home Range in ArcMap by measuring the greatest distance 
between any two turtle locations. For each turtle monitored for two or more complete 
years, I calculated the distance between home range centroids as a measure of annual 
home range fidelity. I used each turtle’s hibernation location to assign a base elevation 
and stream watershed area in hectares (5 m DEM and watershed area, MassGIS 2006). 
Stream home ranges, or linear measurements of use along a stream corridor, are 
well-suited for comparing wood turtle movements. Using only locations within 10 m of a 
stream, I measured the continuous distance between observations along the waterway. 
Observations in tributary streams were connected to overwintering streams only if I did 
not know whether the turtle had accessed the tributary by land or water. In instances 
where a turtle accessed a remote tributary and returned to its overwintering stream by 
land, I did not include the connecting length of stream. Linear ranges, and the maximum 
distance between any two points, were calculated in ArcView 3.2.  
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Home ranges were also calculated using the Minimum Convex Polygon (MCP) 
method, including 95% of radio locations, using Home Range Extension (Rodgers and 
Carr 1998) in ArcView 3.2. This method removes 5% of observations that individually 
increase the total land area the most. Because this method emphasizes the “unstable, 
boundary properties of a home range,” several alternative methods are considered 
preferable (e.g., kernel analysis (Powell 2000). This method was used only to allow 
comparisons with the home ranges reported by Quinn and Tate (1991), Kaufmann (1995), 
Foscarini (1994), Arvisais et al. (2002), and Saumure’s (2004) “statistical range”. 
Additionally, 95% MCP values were used in the analyses described below to evaluate the 
influence of individual and landscape variables on home range structure. 
 
Habitat Mapping and Analysis 
I calculated several measures of upland habitat availability using 1999 land use data 
and a 5 m digital elevation model (DEM) (MassGIS 2008). To estimate the availability of 
open, early successional upland habitat, I buffered each turtle’s hibernation site with 4 
circles based on the 25
th
, median, 75
th
, and 95
th
 percentile (corresponding to radii of 71, 
123, 228, and 470 m) median distance from water. Within each buffer, I calculated the 
total percentage of uplands categorized as crop, pasture, or open land in the 1999 
MassGIS land use layer. The sum of these percentages is hereafter referred to as “percent 
open habitat”. In addition, I derived several other landscape variables at the same four 
scales from the DEM: total land area with aspect between 90 and 270˚ (southern 
exposure), maximum elevation, and hibernation site elevation (Table 3-2). 
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I used ortho-rectified 2005 color aerial photos (MassGIS 2008) to classify cover types 
into the following land use categories: beaver meadow, coniferous forest, gravel pit, 
hayfield, old field, sand beach, and riparian (i.e., within the floodplain). I also digitized 
streams from orthophotos using the basic tools in ArcGIS 9.2. These were digitized by 
hand to obtain a standardized GIS-based cover layer for Massachusetts and New 
Hampshire.  
 
Variables Influencing Wood Turtle Home Range Size 
Measures of Individual Fitness 
Individual characteristics such as sex, age, and size probably influence wood turtle 
home range size (e.g, Saumure 2004). To evaluate the effect of individual variables on 
home range size, I compiled a suite of variables related to each animal’s sex, age, size, 
and condition for inclusion in subsequent linear analyses (Table 3-3.) 
 
Landscape Variables: Abiotic 
Because wood turtles are ectothermic, and known to spend a large proportion of their 
time thermoregulating, abiotic landscape variables are likely to influence their seasonal 
movement patterns. Landscape variables were evaluated at the four biologically 
significant scales listed above, derived from 25
th
, median, 75
th
 and 95
th
 percentiles of 
movement distances from water, and the scale with the most significant relationship with 
the log of median distance was included in subsequent univariate tests (Table 3-2). I 
included several variables related to aspect, slope, and elevation in subsequent analyses 
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(Table 3-3). The procedure of splitting ‘biotic’ from ‘abiotic’ or geophysical variables 
was modified from Tupper and Cook (2007).  
 
Landscape Variables: Biotic 
In addition to abiotic representations of landscape, I calculated the availability of 
‘open’ habitat (landuse classified as “open”, “pasture”, or “crop”) at each of four scales 
and then determined the best scale for inclusion in subsequent modeling efforts. Using 
the best scale, I assessed the total land area consisting of coniferous forest, hayfield, 
oldfield, and powerline. Hayfield, oldfield, and powerline were summed into a single 
landscape variable representing a gradient of early-successional, moderately disturbed 
cover types. 
For each turtle included in the analysis, I derived an “invasive plant index” 
characterizing the level of exotic plant invasion within the turtle’s home range. 
Vegetation data collected at each radio location were reduced to the dominant species in 
each cover class: canopy, shrub, and herb. Dominant plant species were classified as 
“native”, “exotic” (i.e., not native to New England; USDA 2008), or “invasive” (meeting 
the criteria of “invasive” or “likely invasive”; Massachusetts Invasive Plant Advisory 
Group 2005). Invasive plant composition has been shown to be strongly indicative of past 
land use (Lundgren et al. 2004), and I included it here as a relative measure of previous 
landscape disturbance.  
 
Data Analysis 
Data Screening, Transformations, Variable Selection, and Model Building 
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I analyzed my data using univariate statistics and multiple linear regression.  
Continuous variables were assessed for heteroscedasticity and normality by visually 
assessing box plots, and by plotting residuals of the predicted regression values.  
Raw data were visually screened for outliers in R. I removed one extreme outlier, a 
male that moved approximately 10 times the median value (hr.linear). I used 
Komolgorov-Smirnov tests to evaluate normality, and I elected to log-transform several 
right-skewed variables, including all six home range response variables. Indices and 
percentages, such as age and level of injury, were arcsine-transformed.  
I used independent-sample, two-tailed t-tests to explore the differences in home range 
size and structure between males and females, and between age-classes of males and 
females, using the median age-class value (6) as a break point between “young” and 
“old”. To reduce the risk of family-wise error, I used a Bonferroni sequential correction 
(Quinn and Keough 2002: page 50) 
Landscape variables were evaluated at each of four scales using linear regression. 
Landscape variables were regressed individually upon a single home range variable 
(log.med.dist), which had been modeled best in exploratory analyses. Each variable was 
further evaluated at only one scale, the one producing the lowest p-value and highest r
2
 
value (Table 3-2). 
I used linear regression to evaluate the influence of eighteen variables on the home 
range size of wood turtles. From these univariate tests I selected all predictors significant 
at the P < 0.1 level for each of the six home range variables and for each sex separately 
(i.e., significant predictors for each response variable were evaluated independently).  
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Multiple Linear Regression 
My initial hypothesis was that home range size in wood turtles would be negatively or 
unimodally correlated with the availability of early successional habitat. To evaluate this 
and competing hypotheses, I used multiple linear regression to build the most 
parsimonious model for each home-range response variable using predictors with 
significant P-values from the univariate tests described above. If a particular response 
variable did not have a minimum of three significant predictors, then variables with the 
next-lowest P-values were selected to obtain at least three nearly significant variables. I 
then used Akaike’s Information Criterion (AIC) (1974) to select the best three-variable 
model for subsequent interpretation.  
 
Results 
Surveys and Radio Telemetry  
I captured 528 turtles from April 2004 to July 2008 across my four macrosites: the 
Connecticut, Deerfield, Merrimack, and Westfield Rivers. I successfully radio-tracked 
126 turtles for one year, 40 turtles for two years, 17 turtles for three years and five turtles 
for four years, and obtained 8796 radio locations (Appendix A). Of the turtles with at 
least one complete year of radio telemetry data, 67 were females, 57 were males, and one 
was a juvenile without visible secondary sex characters.  
 
Home Range Size 
Home range size varied between macrosites and also between sites (Table 3-4).  
Massachusetts macrosites differed significantly from the New Hampshire  / Merrimack 
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macrosite on most home range metrics. Median, minimum, and maximum values for 
pooled sexes are reported for each of the six home range metrics (again excluding an 
outlier male, #268): maximum distance from river (115 m; 4 m, 933 m); median distance 
from river (37 m, 0 m, 782 m); stream home range length (685 m, 62 m, 6304 m); linear 
home range length (612 m, 114 m, 4730 m); daily distance traveled (18 m, 7 m, 84 m); 
95% minimum convex polygon (5.2 ha, 0.2 ha, 1242.7 ha).  
 
Sex Differences in Home Range Size and Structure 
All home range metrics except 95% MCP differed significantly between males and 
females at the 0.05 level. With a Bonferroni sequential correction, the differences 
remained significant. The following metrics differed significantly (males, females, P-
value): maximum distance from river (115 m vs. 207 m; P = 0.002); median distance 
from river (49 m vs. 132 m; P = 0.013); stream home range length (1407 m vs. 754 m; P 
< 0.001); linear home range length (1132 m vs. 690 m; P = 0.025); daily distance traveled 
(30 m vs. 19 m; P < 0.0001).  
  
Age-class Differences in Home Range Size and Structure 
Within my sample of radioequipped females, I detected strong differences in the size 
and movement patterns of old and young females. Females younger than age-class 6 are 
larger than older females (age-classes 7-12) (P = 0.03). Younger females exhibited 
significantly smaller maximum distances traveled from water (log.max.dist; 144 m vs. 
333 m; P < 0.00001), and significantly smaller median distances traveled from water (86 
vs. 224 m; P < 0.00001). Younger females also exhibited significant differences in linear 
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home range (579 m vs. 910 m; P = 0.02) and 95% MCP (5.5 ha vs. 15.6 ha; P = 0.03). I 
did not detect any significant differences in the movement patterns of young and old 
males.  
 
Mortality 
I recorded 17 mortalities in my sample of radio-equipped individuals between 2004 
and 2008. Of these, seven were crushed or buried by agricultural equipment in farm fields 
(Table 3-5); three of these were killed by rotary mowers during pasture clearing, and two 
were killed during crop dusting by tractors in a potato field. One was buried by a plow 
during conversion of a hay field to a cornfield, and one was killed by a rider mower in an 
abandoned pasture. The remaining mortalities were caused by displacement of adults 
during floods (N = 10), suspected mammal depredation (N = 2), undetermined illness (N 
= 1), and automobile mortality (N = 2).  
 
Scale Selection 
The scale with the greatest predictive value varied for each of the selected landscape 
variables. In all cases, however, scale 2 (radius 123 m) and scale 3 (radius 228 m) 
performed better than both smaller and larger scales (Table 3-6). After exploratory 
analyses with all six response variables I selected scale 2 for additional analysis using 
multiple regression. 
 
Multiple Linear Regression 
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The best multivariate models for each home range variable are presented in Table 3-7.  
Each home range metric was better explained by a different combination of variables, and 
each sex was explained by a different combination of variables. The best reduced models, 
which were built using only variables with significant univariate relationships at the P < 
0.1 level and evaluated by AIC and confirmed by deviance squared, performed better for 
females in each case. The two best models, for maximum and median distance traveled 
from water by adult female turtles, both share age and asin.percopen2. They differ by the 
median distance also including asin.invasive, while maximum distance incorporates 
log.dist.allroads. These models (maximum and median distance traveled from water) had 
a D2 and P-value of 0.53; P<0.00001, and 0.49, P<0.00001, respectively. 
Different models were built and selected if all potential variables were included 
during model building. However, many of the same variables appeared in the model 
produced by each method. The most important variables were different for each response 
variable, but several trends were noted. For instance, either the relative age of the animal 
(age.class) or its squared term (age^2) was the most important variable for all female 
home range metrics with the exception of log.daily.dist. The most important variables in 
the male predictive models were different for all but the median and maximum distance 
traveled from water (log.med.dist and log.max.dist).  
 
Discussion 
Home Range Size 
The home range sizes I report are generally within the range reported by other 
authors. Specifically, my median MCP 95% estimates, ranging from 6.5 to 29.3 ha across 
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my four macrosites, are well within the range reported from Quebec, Ontario, Wisconsin, 
Pennsylvania, New Hampshire, and Michigan (Table 3-8). On a range-wide scale, my 
results do not contradict the observation of Arvisais et al. (2002) that wood turtle home-
range size increases with latitude. Additionally, my results support my prediction that 
home range size in Massachusetts and New Hampshire, which are geographically central 
in the range of the wood turtle, will not be extremely large or extremely small. However, 
my results demonstrate that the range of variability in Massachusetts and New Hampshire 
nearly encompasses that reported throughout the entire range.  
The outlier male removed from analysis (#268) moved 8606 m straight-line in 2006 
and did not return to his point of origin, but rather crossed a major watershed boundary 
between the Connecticut and Westfield basins. In total between 2005 and 2008, this male 
moved 17 km from his capture location, and as such did not show any indication of site 
fidelity constituting a home range. In contrast, the female with the greatest linear home 
range length of 3895 m (female #7000), ended her activity season within a few meters of 
her initial capture location. I consider the movements of male #268 to be highly 
anomalous, and therefore the exclusion of this animal is justified. However, I did elect to 
retain a male (#350), which moved 4730 m upstream, because he remained within his 
watershed during the entire activity season. It is necessary to note at this point that these 
extreme movements may be slightly more common than inferred in this paper. I lost radio 
contact with at least four additional adults (males #28, 56, 385, 417), some of which 
could have been explained by a rapid, long-distance movement such as that exhibited by 
male #268. These movements could have been the result of flood displacement (see 
Chapter 1, this volume), or may represent dispersal events.  
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Sex Differences in Home Range Size and Structure 
My results also strongly demonstrate fundamental differences between male and 
female wood turtle home range structure, whereby males move linearly along stream 
corridors and females make larger distances perpendicular to the stream. Estimating 
home range size using MCP 95% generally does not detect differences between male and 
female movements at the macrosite scale, which is possibly why the differences between 
sexes has not been discussed in the literature. The remaining five metrics were almost all 
significantly different between sexes within macrosites and across sites. This observation 
provides additional evidence that generalized estimates of home range size are often 
biologically inappropriate. In some cases, species-specific metrics of home range size 
may reveal significant relationships that more generalized estimators do not.  
Additionally, the movements of females are better predicted than those of males, 
indicating that female wood turtles are more strongly affected by the composition of 
surrounding landscape than males. This is further made evident by the fact that females 
move farther from water, theoretically exposing them to greater risk of roadkill. While 
female movements are most strongly predicted by their relative age and the availability of 
open habitat, the most predictive model of male movements (log.med.dist) is comprised 
only of watershed area (stream size; log.wshed). Remaining male home range metrics are 
consistently best predicted by size (straight-carapace length; scl), indicating that while 
female movements are influenced by upland characteristics, males respond to stream size, 
and their movements are also predicted by individual size rather than age. This suggests 
that male wood turtles compete for mates, and this aspect of their life history (in part) 
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drives their annual movement patterns. More interestingly, it suggests that the seasonal 
movements of females reflects the location of relict landscape features that may have 
once been optimal for colonization (e.g., upland pasture), but today are only used by 
individual turtles that first located the resource before succession rendered in suboptimal 
for colonization.  
Applying the observation that males and females interact very differently with the 
landscape to other, related turtle species would be interesting, although difficult, because 
the stream serves as a critical reference point in this system. In addition to providing 
traditional home range estimates, future studies should identify additional, species-
specific home range metrics by which to evaluate differences within sex- or age-classes.  
 
Age-Class Differences in Home Range Size and Structure 
I observed strong differences in the movement patterns of young and old female 
wood turtles. This is very interesting for two reasons: 1) it lends support to the 
observation that females are more strongly affected by landscape composition; 2) it may 
be interpreted as support for a relationship between disturbance and home range size, as 
discussed below.  
 
Mortality 
The relative importance of mortality factors observed during this study are consistent 
with those reported by Saumure et al. (2007), and support the concept that mechanical 
maintenance of fields between May and September is detrimental to wood turtle 
populations. Annual mortality within my telemetry sample exceeded 10% annually at 
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some agricultural sites. With the exception of Saumure (2004), the mortality rate in my 
study population is the highest reported by a comparable study. While Saumure (2004) 
explored some methods of mitigating the effects of mowing, such as raising mower heads 
to 4”, I propose that the tractors themselves are a primary source of mortality (see Erb 
and Jones 2008). Consequently, at priority wood turtle sites, alternative methods of land-
clearing should be explored as a means of reducing adult mortality, such as grazing or 
off-season mowing. 
 
Model Results 
My results support the hypothesis that within-watershed home range size varies with 
the level and frequency of landscape disturbance. Specifically, the best-predicted home 
range response variables (log.med.dist and log.max.dist) were partially predicted by the 
percent open cover within 123 m. While the model suggests a negative linear relationship 
between home range size (especially distance traveled from water) and the availability of 
open habitats, I anticipate that there is actually unimodal response, of which I have 
captured a portion. While this does not address temporal affects of disturbance (i.e., 
frequency of disturbance), it supports the hypothesis that home range size is predicted by 
the total area of disturbance. The inclusion of invasive plant richness in several models 
indicates that the intensity of past land disturbance is also a predictor of home range size.  
These results also indicate that wood turtles are tolerant of exotic plant invasions, and 
exhibit smaller movements in disturbed areas where early successional habitat is 
relatively abundant, and aggressive, exotic plant species are relatively well established. 
However, because wood turtles appear to be rare or absent from extremely disturbed 
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sites, the relative scale presented here excludes the extreme case. For example, I was 
unable to detect wood turtles in high densities at extremely disturbed sites, here 
interpreted as areas with intensive row-crop agricultural activities. Adult mortality due to 
crushing by machinery, bank collapse, and subsidized predators is probably very high 
(Saumure 2004), and populations in these areas are probably reduced. Where wood 
turtles occur in these environments, their home range size may be disproportionately 
large to accommodate widely-spaced, preferred patches. Because these sites were not 
well-represented in my sample, my models may underestimate the strength of the 
unimodal relationship between home range size and disturbance. In effect, by 
inadequately sampling highly disturbed sites because of low population density in those 
areas, I have linearized the negative relationship between home range size and 
disturbance.  
 
Landscape and Age Explain Wood Turtle Movements 
My observation that home range size of individual turtles, especially females, 
increases with age, is a novel one that supports the hypothesis that wood turtles are 
disturbance-dependent. New England wood turtles are unusual among early-successional 
obligate species in outliving their preferred early successional habitats. Thus, as wood 
turtles age, their home ranges expand as they search for these ephemeral communities. 
This effect most strongly affects females, which respond more strongly to landscape 
composition than males. It is conceivable that older turtles are willing to continue 
utilizing familiar early-succesional sites after they have transitioned to various forest 
communities. My radio telemetry data and my linear models indicate that young adult 
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turtles do not venture as far from water to locate either early-successional or forested 
habitats. I interpret these results as follows: at sites where early-successional habitat is 
abundant near the river, young adult turtles do not move beyond a narrow zone of 
suitable habitat. As the suitable habitat gives way to forested communities, these aging 
turtles move along the stream corridor, and away from water, in search of new, early-
successional features. Over the course of several decades, their home range contains relict 
landscape features that do not meet the criteria of younger turtles seeking optimal habitat, 
but as a product of familiarity remain suitable to the older turtle. A long-term study 
would be required to verify this mechanism. 
I conclude that intermediate levels of disturbance are best for long-term wood turtle 
population management, because the relationship between wood turtle home range size 
and the availability of open, early-successional habitat is consistent with a negative 
unimodal relationship. I consider this a novel test of the implications of managing 
wildlife habitat according to the tenets of the Intermediate Disturbance Hypothesis (IDH). 
A complete test, in which a very frequently disturbed landscape is included in the 
telemetry sample, does not appear to be feasible since populations rapidly go extinct at 
these types of sites (see Chapter 3, this volume).  
 
Alternative Means of Landscape Disturbance 
Using several approaches, I have shown that wood turtles are disturbance-dependent 
and their movements are shortest at moderately disturbed sites. Thus, it follows that 
where wood turtle-occupied fields are left untended, habitat will gradually become 
unsuitable for wood turtles, and home range size within the population will increase, 
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putting individual animals at risk of death due to roadkill and agricultural activities. 
Successful management of wood turtle populations will require maintaining early-
successional habitat features near the stream, but not at the exclusion of forested habitat, 
which has been shown to provide important structural elements (Ernst et al. 1994). 
Creation of early-successional habitat will be undertaken mechanically during the 
inactive season, or through grazing.  
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Tables 
Table 3-1. I calculated six home range metrics and modeled the effect of landscape 
composition, and individual size and age on home range size.These six metrics were 
selected to reflect the apparent differences in home range structure between male and 
female turtles, between old and young turtles, and between turtles at forested and 
agricultural sites. 
Home range variable Description of variable 
log.med.dist 
The median distance (m) from the river of all July and August 
radiolocations, log-transformed.  
log.max.dist 
The maximum distance (m) from the river of all July and August 
radiolocations, log-transformed.  
log.hr.linear 
The greatest distance between any two radiolocations recorded 
between May 15 and October 15 (m), log-transformed.  
log.hr.stream 
The meandering distance of river used by turtle between May 15 and 
October 15 (m), log-transformed.  
log.daily.dist 
The average distance traveled between radio locations between May 15 
and October 15, divided by the average number of days between radio 
locations, log-transformed.  
logmcp95ha 
Home range size (ha), derived using the 95% Minimum Convex 
Polygon (MCP) method, which eliminates 5% of radio locations based 
upon their contribution to the total area of the polygon, log 
transformed. 
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 Table 3-2. Univariate comparisons of the home-range variable log.med.dist with three 
landscape variables measured at four biologically appropriate scales. 
 
 
 
  
 
Variable Class Variable Name   log.med.dist 
estimate 0.0567 
p 0.0009 asp1 
r2 0.0969 
   
estimate 0.2362 
p 0.0000 asp2*** 
r2 0.1325 
   
estimate 0.0090 
p 0.0008 asp3*** 
r2 0.0990 
   
estimate 0.0019 
p 0.0560 
Aspect 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
asp4. 
r2 0.0334 
estimate 0.0017 
p 0.8666 slope1 
r2 0.0003 
   
estimate 0.0069 
p 0.4462 slope2 
r2 0.0054 
   
estimate 0.0087 
p 0.3059 slope3 
r2 0.0097 
   
estimate 0.0058 
p 0.5456 
Slope 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 slope4 
r2 0.0034 
estimate 0.0005 
p 0.9627 relief1 
r2 0.0000 
   
estimate 0.0036 
p 0.5053 relief2 
r2 0.0041 
   
estimate 0.0012 
p 0.7051 relief3 
r2 0.0013 
   
estimate 0.0002 
p 0.8924 
Relief 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 relief4 
r2 0.0002 
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Table 3-3. Description of all variables potentially influencing wood turtle home range 
(continued next page). 
 
Variable Class Variable Variable Description 
age.class1 
Relative age of animal based on 4-character, 4-tiered 
assessment of growth, wear, and pigment loss. Scale 
of 0 to 12.  
  
asin.injury 
Sum of indices of injury to limbs (0, 0.5, 1), tail (0, 
0.5, 1), and shell (0, 0.5, 1). Scale of 0 to 3, arcsine-
transformed.  
  
scl 
Straight carapace length (mm), measured from the 
nuchal scute to the seam between the 12th marginal 
scutes.  
  
spl 
Straight plastron length (mm), measured from the 
anterior end of the seam between gular scutes to the 
posterior end of the seam between anal scutes.  
  
Individual variables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
asin.cops 
The number of radiolocations during which the animal 
was copulating, divided by the number of visual 
radiolocations. Arcsine-transformed.  
asp2 
The total area within a 123 m radius of the animal's 
hibernation site with an aspect of south, east, or west.  
  
slope3 
The average slope within a 123 m radius of the 
animal's overwintering site.  
  
elev.hib 
The elevation (m) of the animal's overwintering site.  
  
relief2 
The total elevation gain between the animal's 
overwintering site and the highest point within circle 
with 123 m radius.  
  
str.gradient.hr 
Stream gradient (m/m) of the total length of stream 
used by the turtle.  
  
log.wshed 
Total land area within watershed upstream of turtle's 
overwintering site, log-transformed.  
  
Landscape variables: 
Abiotic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 distance.to.road 
Distance (m) to major road, such as limited access 
highways and major state roads.  
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Table 3-3 cont’d. Description of all variables potentially influencing wood turtle home 
range.  
 
Variable Class Variable Variable Description 
 
 
 
 
  
  
log.distance.to.road2 
Distance (m) to any public road, including large 
highways and residential roads, log-transformed. 
  
 
hib.lat 
Latitude (Mass. State Plane m) of the turtle's 
overwintering site.  
   
percopen2 
Percent of land area classified as pasture, crop, or 
"open" within 123 m of turtle's overwintering site.  
  
asin.percopen2 
Percent of land area classified as pasture, crop, or 
"open" within 123 m of turtle's overwintering site, 
arcsine-transformed.   
  
cfo2 
Total land area classified as "coniferous forest" by 
digitizing 2005 orthophotos.  
  
sum.hayoldpower2 
Sum of the total land area classified as "hayfield," 
"oldfield," or "powerline" by digitizing 2005 
orthophotos.  
  
Landscape variables: 
Biotic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 annual.invasive.index 
Index of the frequency of invasive species at turtle 
locations, represented by the frequency with which 
banned invasive species are present in habitat.  
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Table 3-6 (next page). Univariate tests of each landscape variable with a single home 
range variable, log.med.dist, were used to evaluate the best scale of each landscape 
variable. For each variable, the scale with the lowest p-value was selected for inclusion in 
subsequent univariate regressions with each of the home range variables.   
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Variable 
Class 
Variable 
Name  
Explanatory 
power when 
regressed 
on 
log.med.dist 
estimate 0.0567 
p 0.0009 asp1 
r2 0.0969 
   
estimate 0.2362 
p 0.0000 asp2*** 
r2 0.1325 
   
estimate 0.0090 
p 0.0008 asp3*** 
r2 0.0990 
   
estimate 0.0019 
p 0.0560 
aspect 
asp4. 
r2 0.0334 
estimate 0.0017 
p 0.8666 slope1 
r2 0.0003 
   
estimate 0.0069 
p 0.4462 slope2 
r2 0.0054 
   
estimate 0.0087 
p 0.3059 slope3 
r2 0.0097 
   
estimate 0.0058 
p 0.5456 
slope 
slope4 
r2 0.0034 
estimate 0.0005 
p 0.9627 relief1 
r2 0.0000 
   
estimate 0.0036 
p 0.5053 relief2 
r2 0.0041 
   
estimate 0.0012 
p 0.7051 relief3 
r2 0.0013 
   
estimate 0.0002 
p 0.8924 
relief 
relief4 
r2 0.0002 
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Table 3-7. Linear models characterizing the influence of individual and landscape 
variables on wood turtle home range size and structure.  
 
Home-Range 
Variable Sex 
Reduced Model (AIC 
selection)*, using 
significant (p<0.1) 
variables only 
Variation explained / 
P-value 
Most 
important 
variable 
     
 cfo2 
Males log.wshed 
r2 = 0.21, p = 0.001  
 age^2 log.med.dist 
females 
age.class + 
asin.percopen2 + 
asin.invasive r2 = 0.49, p = 0.0000  
     
 cfo2 
Males log.wshed 
r2 = 0.09, p = 0.04  log.max.dist 
 age^2 
 
females 
age^2 + 
log.dist.allroads + 
asin.percopen2 r2 = 0.53, p = 0.0000  
     
 asin.invasive 
Males scl + asin.invasive 
r2 = 0.10, p = 0.1  
 age^2 
log.hr.linear 
females age^2 
r2 = 0.11, p = 0.01  
     
 log.wshed 
Males scl 
r2 = 0.08, p = 0.05  
 age.2.1 
log.hr.stream 
females scl 
r2 = 0.11, p = 0.01  
     
 asin.injury 
Males scl + asin.injury 
r2 = 0.11, p = 0.07  
 asin.cops 
log.daily.dist 
females 
log.wshed + 
asin.cops r2 = 0.20, p = 0.002  
     
 cfo2 
Males scl + hib.lat 
r2 = 0.16, p = 0.02  
 age^2 
log.mcp95ha 
females 
age.class + 
asin.percopen2 r2 = 0.25, p = 0.0003   
* all variables with p < 0.1 in univariate comparisons were included in AIC model selection 
process. Models were limited to 3 explanatory variables.   
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Figures 
 
 
Figure 3-1. Range of the North American wood turtle (above) (Ernst et al. 1994); 
distribution of study sites in Massachusetts and New Hampshire (below).
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CHAPTER 4 
 
HABITAT PARAMETERS INFLUENCING DENSITY OF WOOD TURTLE 
POPULATIONS IN NEW ENGLAND 
 
Abstract 
Populations of the wood turtle, Glyptemys insculpta (LeConte 1830), have undergone 
significant declines in Canada and New England, and populations are probably declining 
throughout their range. I investigated the landscape variables influencing population 
density at two scales: ‘riparian’ and ‘watershed’. I conducted mark-recapture studies at 
31 stream segments along 14 tributaries of five major basins in Massachusetts and New 
Hampshire, and used closed-population log-linear models to evaluate population size 
based on 1 or 2 years of recapture data. I successfully estimated population size at 27 
stream segments, but failed to detect wood turtles in sufficient numbers to accurately 
estimate population size at four segments. Multiple estimates were obtained in 
consecutive years for seven segments in Massachusetts, and these numbers indicate that 
populations in this region are declining at an annual rate of 6.6 to 11.2%. Estimated 
population densities ranged from 3.4 to 40.4 adult turtles per river-kilometer. Based on 
bivariate tests, high-density segments were associated with lower crop cover and higher 
forest cover than low-density and stressed (no juveniles or only one sex present) 
populations. Wood turtle density is negatively influenced in a linear fashion at both 
watershed and riparian scales by percent crop, but may respond unimodally to road 
density. Additionally, riparian health – here measured by the relative population density 
of a non-vagile, highly resident, semi-terrestrial vertebrate – seems to be negatively 
affected by development at the watershed scale. 
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Introduction 
Population estimation using capture-mark-recapture data have become a common 
feature of natural history studies of freshwater turtles (e.g., Eglis 1967; Bury 1979; Chase 
et al. 1989; Klemens 1990; Burke et al. 1995; Lovich and Meyer 2002, Ayaz et al. 2007). 
Farrell and Graham (1991) evaluated wood turtle population size for a site in New Jersey, 
as did Pulsifer et al. (2006) for the St. Mary’s River watershed, Nova Scotia. Several 
additional studies have estimated wood turtle population size at a single site, including 
Daigle (1997), Niederberger and Seidel (1999), Ernst (2001) and Daigle and Jutras 
(2005). Foscarini and Brooks (1997) remarked that prior estimates of population density 
were difficult to compare because authors had taken different approaches to assessing the 
total amount of available habitat. Most authors prior to 1997 reported wood turtle density 
as turtles (typically all age classes and sexes) per ha, where the total area included heavily 
used upland habitat. Two identically-sized populations could be reported to have very 
different densities based upon the authors’ interpretation of upland habitat suitability: for 
example, at low-elevation, low-relief agricultural segments, wood turtle remain closer to 
streams than at mountainous, forested segments (Chapter 2, this volume). Upland habitat 
use by wood turtles at those sites will be more concentrated, resulting in a higher 
estimated density than at forested, high-relief sites, where turtles occupy early-
successional habitats at great distances from the over-wintering river (Chapter 2, this 
volume). While this approach may result in an accurate representation of upland habitat 
use by wood turtles and a fair representation of density of turtles at any point in the 
upland, it is very difficult to standardize for comparison.  
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Additionally, successful long-term conservation of wood turtle populations is 
presumed to rely primarily on the conservation of adult turtles (see Foscarini and Brooks 
1997; Compton 1999) and less hatchling or juveniles. Juveniles are often more difficult to 
capture and can inflate population estimates (see Daigle and Jutras 2005). Thus, the most 
useful density estimate would be a standardized one that represents the number of adult 
turtles per unit of stream.  
Recent empirical evidence indicates that wood turtle population declines are 
underway in Connecticut (Garber and Burger 1995) and Québec (Daigle and Jutras 
2005). Additional studies have provided evidence that adult mortality is elevated due to 
anthropogenic activities such as agriculture (e.g., Saumure and Bider 1998; Saumure 
2004; pers. obs.), and populations are unable to sustain observed mortality rates (see 
Compton 1999). Foscarini and Brooks (1997) evaluated population status at three sites in 
Ontario’s Maitland watershed, and detected strong differences in population density, but 
generally, population density at multiple distinct sites has not been assessed. Specifically, 
I attempt to assess the population density at a relatively large number of disjunctive 
stream segments (>30) to explore the relationship between relative population density in 
New England and landscape in a multi-scale analysis. 
As an obligate riparian species, wood turtle populations are probably influenced by 
the amount of development within river corridors. The complexity, and the importance of 
appropriate riparian management to vertebrate diversity was addressed by Rodewald and 
Bakermans (2005), who found that the amount of urban development surrounding 
riparian forest tracts was a better predictor of riparian bird community structure and 
composition than the width of riparian forest fragments. Additionally, Rottenborn (1999) 
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and Miller et al. (2003) found that bird species richness was negatively influenced by 
road density and urbanization, and Rodewald (2003) stressed the importance of the 
landscape matrix – the ‘background’ area surrounding patches and corridors – to species 
density and diversity. While the influence and effect of urbanization within and adjacent 
to riparian areas on neotropical migratory birds is becoming better understood, I know 
little of how riparian and watershed urbanization is influencing the population structure 
of non-migratory species such as freshwater turtles.  
In this paper, I investigate the influence of the instream geomorphology, riparian 
forest fragmentation and abundance, and the level of development at a larger watershed 
scale on the size and structure of wood turtle populations at 31 stream segments in 
Massachusetts and New Hampshire. Consistent with the goal, I addressed the following 
three objectives. 1) Quantify the size and density of representative populations from 
multiple watersheds; 2) Evaluate the role of agriculture, development, and stream 
alteration at three scales on the population density of wood turtles; 3) Estimate population 
stability based on age structure and density. I also report an overall, apparent population 
decline at multiple sites between 2004-2008 and discuss the likely causes.  
 
Methods 
Study Area 
My study region comprised fourteen tributaries of the Connecticut, Deerfield, 
Housatonic, Merrimack, and Westfield Rivers in western Massachusetts and central New 
Hampshire. These five major basins drain interior central New England and are hereafter 
referred to as “macrosites,” to distinguish them from “reaches” and “segments.” While 
 99 
the Deerfield and Westfield Rivers are themselves tributaries of the Connecticut River, 
they represent approximately the survey and telemetry effort as the Pemigewasset, 
Housatonic, and remaining Connecticut River sites, and so for organizational purposes, 
and the some of the analyses outlined below, are considered separate watersheds. Study 
sites were selected based on aerial photo interpretation, predictions of a GIS model of 
wood turtle presence, and rare species occurrence data provided by state natural heritage 
programs (MNHESP 2004-2008).  Due to this non-random process of site selection, my 
study sites likely represent some of the larger wood turtle populations in the region. 
Along each of the fourteen tributaries, I designated one to three reaches, ranging from 
0.8 km to 6.9 km to be surveyed for wood turtles at regular intervals (see Surveys and 
Initial Capture Processing, below). From this sample, I selected 31 smaller segments 
from twelve tributaries, each measuring either 0.8 or 1.6 km in meandering length at 
which to estimate wood turtle population size and density. Across the region, these 
smaller segments total 32.0 km and were drawn from a total of 49.1 km of meandering 
stream. 
Typically, six or seven stream segments, and their adjacent suitable habitat, were 
intensively surveyed each year. At three segments, wood turtles were not detected during 
early spring surveys, and at six sites, too few turtles were encountered during surveys to 
estimate population size with one year of data. These segments were surveyed on at least 
five occasions over multiple years to verify that wood turtles were absent from, or rare 
along, that section of stream.  Only streams with sufficient recapture data to allow 
population estimation are described in this paper.  
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The number of study segments in each ecoregion (EPA 2008) were as follows: 
Berkshire Highlands (1); Berkshire Transition (5); Connecticut River Valley (10); “New 
Hampshire Lakes Region” (2); Western New England Marble Valleys (5); Vermont 
Piedmont (6); “White Mountains” (1); Worcester Plateau (1) (quotations denote 
ecoregions not officially designated by EPA). The number of study segments in each 
macrosite (major watershed) were as follows: Connecticut River (9); Deerfield River (7); 
Housatonic River (5); Westfield River (7); Merrimack River (3). A more complete 
description of the vegetation present at these study sites can be found in Chapter 2 (this 
volume) 
 
Surveys and Initial Capture Processing 
In April, May, and June of each year I surveyed streams and large rivers ranging in 
size from 2
nd
 to 6
th
 order to determine the presence of wood turtles, and to deploy radio-
transmitters on adult wood turtles. In April and May, turtles were captured by searching 
herbaceous and scrub-shrub clearings along the stream and islets within the stream, and 
by walking upstream toward submerged structural features, such as stumps, logs, and 
coarse woody debris, while wearing polarized lenses to reduce surface glare. On occasion 
I used facemasks to explore logjams at deep river bends. In June I surveyed likely nesting 
areas, such as gravel pits, sand and gravel bars, and power line corridors near the stream. 
I subsequently encountered wood turtles incidentally during radio-telemetry. These 
protocols generally correspond to the protocols described by Arvisais et al. (2002). 
Biweekly surveys took place primarily in April and May 2004-2008, but also at intervals 
throughout the summer during weekly or biweekly radio telemetry visits (see below).  
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Wood turtles were captured by hand. I classified adults, subadults, and juveniles 
using a method similar to that of Farrell and Graham (1991). Juveniles were defined as 
individual turtles younger than 9 years of age upon capture. This is approximately the age 
at which males begin to exhibit secondary sexual characteristics (e.g., plastral concavity) 
and the earliest age at which I observed copulatory behavior in males. Subadults were 
defined as animals between the ages of 9 and 14, and adults as animals over 14 years of 
age. More rigorous estimates of age were calculated in Chapter 3 (this volume) and 
Chapter 5 (this volume), but the method presented here was intended only to designate an 
animal as an “adult” rather than distinguish between multiple age-classes of adults.  
Previous studies (e.g., Daigle and Jutras 2005) have found that juveniles are more 
difficult to recapture than adults. In most cases, too few juveniles were captured at a site 
to estimate the size of the juvenile population, and pooling juvenile and adult capture 
histories in my population estimates could bias my estimates of population size. For this 
reason, juvenile turtles were not used in my mark/recapture estimates of population size. 
I individually marked captured turtles by filing the marginal scutes with a steel, slim-
taper triangular file, following the numbering scheme developed by Ernst et al. (1974). 
The midline and maximum length and width of carapace and plastron were measured to 
the nearest 0.25 mm using dial calipers (Northern Tool and Equipment, Burnsville, MN). 
Turtles were weighed to the nearest 2.8 g using a pharmaceutical scale. Digital 
photographs of the carapace and plastron of each turtle were taken at a resolution of at 
least 2048 x 1360 pixels (Canon XTI; Ewing 1939; Galbraith and Brooks 1987b; Averill-
Murray and Klug 2000). Unusual shell features, such as the presence of inguinal, extra, or 
deformed scutes, were also photographed.  
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I equipped 55 turtles with either 10- or 13-g radio-transmitters (MBFT-6, Lotek 
Wireless; Newmarket, ONT; R-2020; Advanced Telemetry Systems; Isanti, MN) each 
year from 2004 through 2008. Radio-transmitter attachment was undertaken in the field. 
Transmitters were secured to the 4
th
 costal scute with dental acrylic (BioCryl Resin, Great 
Lakes Orthodontics; Tonawanda, NY). For animals equipped with Lotek MBFT-6 radios, 
the antenna was secured to the carapace with acrylic by wrapping it around the costal 
scutes. ATS radios were secured at a single point on the 4
th
 costal scute and the antennae 
were not secured, but allowed to trail away caudally. Radio-equipped turtles were located 
biweekly from May to October. At segments with low apparent population density, as 
many wood turtles as could be captured were tracked. Individual radio-equipped turtles 
often moved beyond the boundaries of the study site, but the site was not expanded to 
include this area unless a new site was added in a subsequent year. Each stream segment 
with radio-equipped turtles was thoroughly surveyed at least once every two weeks from 
late-March to early-November.  
 
Incidental Captures 
An important distinction was made between incidental and non-incidental captures. 
Incidental captures were defined as any combination of the following: 1) any adult turtle 
not radio-equipped at the time of observation; 2) any radio-equipped turtle encountered 
without having made an effort to locate that turtle using radio telemetry. For example, 
incidental captures resulted when a radio-equipped turtle was found copulating with 
another turtle, radio-equipped or not. If the researcher had listened for a turtle’s radio 
signal on a given day, it could not be incidentally captured that day. Incidental captures 
 103 
occurred both on land and in the water. All incidental captures most closely associated 
with the designated stream segments were organized by segment for subsequent analysis 
(see below).  
 
Seasonal Sampling Periods 
To address the problem of serial autocorrelation, which might arise from observing 
animals several visits in a row at or near the previous capture site, I pooled observations 
into five biologically relevant seasons, which I determined by visually inspecting plots of 
the distance of each radio telemetry location from water. Early spring (1 March - 5 May) 
is defined as the period following emergence from hibernation, when turtles of both sexes 
are within or immediately adjacent to the stream corridor. Spring (6 May to 25 May) is a 
period when turtles move away from the stream corridor, but females have not yet begun 
to nest. Nesting (25 May – 4 July) is bracketed by the earliest and latest observed nesting 
events, Summer (5 July – 21 September) is that period following nesting, before the 
turtles have returned to the stream corridor. Autumn (22 September – 15 November) is 
the period immediately prior to hibernation, when wood turtles may be found 
congregated in small groups near prominent structural features in the stream (logjams, 
undercut banks, exposed roots).  
The total observation period, marked by the five seasonal sampling events, was one 
calendar year. Because, for each sampling event or season, each individual can only be 
counted once, multiple incidental observations of the same individual within one season 
were pooled. To estimate density, I divided the estimated adult population size by the 
length of stream segment sampled. Thus, the unit of density is related to a linear measure 
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(e.g., river-kilometer) as opposed to area (e.g., hectare), and that density should be 
expressed as adult turtles per unit of stream. However, following Foscarini and Brooks 
(1997), I have also provided density estimates based upon hectares of stream, calculated 
using 10 measures of stream width. Ideally, future authors will provide both measures for 
comparison between sites and geographic regions. 
 
Landscape Digitization 
Each stream segment was digitized from 2005 ortho-rectified color aerial photographs 
(MassGIS 2008), and a 228 m buffer of the stream layer, based on the 75
th
 percentile 
distance from water of all July and August radiolocations, was generated in ArcView 3.2. 
Comparable GIS layers are not available for my study segments in New Hampshire, so I 
digitized land use categories and roads in ArcMap using 1:40,000 2003 ortho-rectified 
aerial photos from the USDA National Agricultural Imagery Program (NAIP; NH 
GRANIT 2008). Land-use data for 1999 from Massachusetts were visually compared to 
1:5,000 2005 color aerial photographs in an effort to standardize my land cover-
classification for the New Hampshire segments, and to look for large discrepancies 
between the 1999 classification and the 2005 condition. The resulting cover-class layers 
for Massachusetts and New Hampshire represent conditions separated by four years 
(1999 and 2003, respectively), visually confirmed using aerial photographs from 2005 
and 2003, respectively, and ground-truthed in their years of study (2004-2008 and 2007, 
respectively).   
 
Assessing Landscape Composition at Two Scales: Riparian and Watershed 
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I evaluated landscape composition at two scales, ‘riparian’ and ‘watershed’ to 
determine which exerts greater influence on the abundance of wood turtles. I defined the 
‘riparian’ scale to be the upland corridor within 228 m the stream centerline, which 
corresponds to the 75
th
 percentile of maximum distances traveled from water in July and 
August by a radio-equipped sample of 110 adult wood turtles. I defined the ‘watershed’ 
scale as a 1,000 m buffer of the stream segment, exclusive of the 228 m inner buffer (the 
stream was buffered by 1,000 m, and the 228 m buffer was subtracted from the larger 
buffer). This scale was defined by the 99
th
 percentile of the greatest straight-line distance 
traveled from the stream centerline by radio-equipped adults in the above-mentioned 
sample (922 m).  
Within each buffer, I calculated the total length of paved, public roads, and the 
smallest distance from the stream to a public road. I also calculated the percentage of the 
land area within each buffer-polygon categorized as ‘open’ (hayfield, pasture, non-urban 
open space), forested (deciduous and coniferous), agricultural (row crop), or developed 
(residential, commercial, industrial, transportation, or waste management) in 1999, the 
most recent year for which statewide Massachusetts land use information was available 
(Table 4-1).  
 
Stream Geomorphology 
I calculated eight measurements of instream geomorphologic characteristics for each 
stream segment to evaluate whether intrinsic stream properties exert greater influence on 
wood turtle abundance than the more anthropogenic landscape variables listed above. 
However, as several of the study segments have been either straightened, dredged, rip-
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rapped, or dammed along some portion of their length, sometimes in conjunction with 
agricultural, hydroelectric or road development, some of these variables were necessarily 
selected to represent anthropogenic disturbance. Two variables directly reflect 
anthropogenic disturbance to the stream corridor (stream sinuosity and influence of 
dams) and six biotic and abiotic variables reflect a suite of characteristics related to 
stream size, average stream flow, and peak stream flow (elevation, gradient, beaver 
activity, and substrate) (Table 4-2).  
 
Population Estimation 
I stored incidental capture data in a Microsoft Excel spreadsheet with turtle ID, sex, 
and observation date as columns. For each date that I recorded at least one incidental 
capture, incidental captures and “no data” were denoted as 1s and 0s. Data were 
converted from this format to reflect my seasonal sampling structure. The result was a 
five-column comma-delimited file (.csv) of 0’s and 1’s, for each segment with each row 
denoting a different adult turtle’s seasonal capture history. For example, a wood turtle 
captured in early spring, spring, summer, and fall, but not nesting, would be represented 
as 11011. Nine segments were sampled insufficiently in any one-year calendar period; 
consecutive sampling periods in the following year were added until at least four 
sampling periods could be used in the model. This approach is warranted because I 
observed a low mortality rate amongst radio-equipped, overwintering animals of 1.2% (N 
= 1), which indicates that I did not violate additional major assumptions via this method. 
Capture and recapture data were analyzed using the statistical program RCapture in 
the programming language R (Baillargeon and Rivest 2008), which generates multiple 
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population estimates based upon the closed-population log-linear models of Chao (1987) 
and the open-population models of Cormack (e.g., 1985). Population estimates for each 
segment (hereafter, ‘populations’) were obtained using the closedp and closedp.bc 
(closed population models with and without bias correction) functions. In this case, 
subscript 0 designates that each individual in the population exhibits the same capture 
and re-capture probabilities, that subsequent recaptures are not affected by the initial 
capture, and that there is no mortality or emigration during the sampling period. Akaike’s 
Information Criterion (AIC) indicated that other models, such as those incorporating a 
behavioral (b) or temporal (t) effect, better explained the variation for some individual 
segments. In particular, model Mt, which accounts for temporal heterogeneity in 
recaptures, performed best across segments based on AIC (Baillargeon and Rivest 2007; 
2008). Model M0 (null model) was selected to assess population size at all segments 
because the temporal effect is well understood (wood turtles are easier to capture in 
spring and fall), and the effect was not present throughout the study populations. On 
average, the null model performed nearly as well as model Mt, and I elected to use 
population estimates generated with the null model for consistency when comparing 
across segments.  
A closed-population approach to population estimation was selected instead of an 
open-population model for several reasons, although to some extent, I have violated three 
assumptions of closed-population modeling: (1) no mortality occurs during the samping 
period; (2) no emigration or immigration occurs during the sampling period; (3) each 
turtle exhibits equal probability of detection and capture. Both open- and closed-
population models appeared to perform similarly in several preliminary tests, and closed-
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population models were used to calculate the only other published population estimates 
for wood turtles (Farrell and Graham 1991; Daigle and Jutras 1998). Additionally, I infer 
from my radio-telemetry data that (2) and (3) are violated in all segments equally, or 
approximately so. The problem of differential mortality within the sampling period is not 
easily addressed. Segments with high mortality rates may result in slightly over-estimated 
population size because the recapture rate will appear to be lower than it would have been 
if all animals survived at the same rate.  
To obtain an estimate of population density using a linear measure of stream habitat, I 
divided the estimated adult population size by the meandering length of the stream 
segment (i.e., 0.8 or 1.6 km). The result was an estimate of the number of adult turtles per 
river-kilometer. To obtain an estimate of turtles per ha of stream, I multiplied the stream 
length (0.8 or 1.6 km) by the average stream width, which was measured from ortho 
photos in ArcGIS. Jenness’ (2005) Random Point Generator was used to select ten points 
along the segment, at which the stream width was measured in ArcGIS using the standard 
measuring tool. These ten values were averaged to obtain “average stream width”. At 
some heavily forested, small streams (e.g., Site A), random points were generated 
multiple times to obtain measuring locations in open areas where the stream channel was 
clearly visible.  
I tested for significant population declines at individual stream segments at a 
threshold of ± 1 SE. This is less than the ± 2 SE representing the 95% confidence 
interval, but I propose that a slightly less conservative method is appropriate in the case 
of freshwater turtle populations, declines of which may be difficult to detect over short 
time periods (see Compton 1999). While the time frame of this study was likely too short 
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to detect even relatively steep declines on individual stream segments, it is appropriate to 
investigate the overall trend across segments sampled in multiple years. To further 
investigate wood turtle population trends in the region, I calculated the average rate of 
decline across study segments in western Massachusetts. For each of seven segments 
sampled at a minimum of two intervals, I evaluated the rate of decline or increase. The 
observed rate of change was weighted by the estimated number of adults present during 
the first sample, and averaged across stream segments. The New Hampshire segments 
were excluded primarily because they each were only sampled in one year.  
Continuous density estimates were broken into three percentile-based categories for 
analysis. The categories were qualitatively referred to as “low-density”, medium-density, 
and high-density populations. Stressed populations were defined as (a) those with 
estimated population density less than the 33
rd
 percentile of all segments examined, (b) 
those without evidence of juvenile recruitment, OR (c) those segments at which only one 
sex (male or female) was observed during the sampling period. Medium-density 
populations were defined as those between the 33
rd
 and 66
th
 percentile estimated 
population density, OR those with less than 33
rd
-percentile density but which exhibited 
juvenile recruitment. High-density populations were defined as those exhibiting estimated 
densities above the 66
th
 percentile, all of which exhibited juvenile recruitment. To obtain 
coarse estimates of sex and age ratios, I calculated the ratio of adult females to adult 
males, and the ratio of juveniles to adults observed during the sampling period (e.g., 1- 2 
years).  
Categorizing my continuous density estimates into low, medium, and high densities is 
warranted because of a relatively high error associated with the actual estimates. 
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Additionally, the fact that two important parametric assumptions were violated during 
population modeling: (a) that individuals exhibit equal catchability, and (b) that there was 
no emigration or mortality during the study period (see below), suggests it is appropriate 
to use a more general estimate of population density. The primary purpose of the 
population modeling was to obtain a relative estimate of population density for between-
site comparison. 
 
Model Assumptions: Emigration and Mortality 
 I observed variable mortality rates among my radio-equipped sample during the 
sampling periods, across segments. Mortality at all segments ranged from 0 to 10%, and 
‘emigration’, loosely defined as when a transmitting animal left the originally designated 
macro-site for the duration of the study, ranged up to 10%, as well. I assumed that 
mortality and emigration rates were similar across segments for the purposes of my 
estimates, and evaluated the accuracy of my population estimates by comparing the first 
annual estimate available for each site to the total number of turtles observed at that site 
over subsequent years of study.    
 
Landscape Modeling 
 I derived four measures of upland landscape composition using ArcGIS: percentage 
open cover (hayfield, pasture, and non-urban open space), percentage agriculture (row 
crop), percentage forested, percentage residential (all levels), and percentage developed 
(residential, commercial, industrial and urban open development). To obtain these 
measures, I buffered each stream segment by 228 m, a distance representing the 75
th
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percentile of all radio-equipped animal’s median distance traveled from water between 
July and August of all years. I clipped the 1999 land use (MassGIS 2008) within the 228 
m buffer, and calculated the percentage of each cover class in each polygon. I also 
measured stream sinuosity (the distance a stream meanders over a fixed linear distance) 
and two measures of road density. I measured the distance of each stream segment-
centroid to the nearest paved public road, and I measured the total distance of paved, 
public roads within each buffer-derived polygon. The total mileage of roads was divided 
by the area of the polygon, and expressed as meters per ha (Table 4-1).  
 
Multivariate Analysis of Population Density 
 Dependent and independent variables were visually assessed for normality and 
heteroscedasticity using quantile-quantile plots and Lilliefors’ (Komolgorov-Smirnov) 
normality test with R packages stats (R Core Team 2008) and nortest (Gross 2008). Many 
landscape variables were not normally distributed. Non-normal, continuous proportions 
were log-transformed using this formula: log((10*y)+1). Following normalization, 
relationships between predictor variables and population density were explored using 2-
tailed, independent sample t-tests (Tupper and Cook 2007). I did not use a Bonferroni 
correction procedure to account for family-wise error, choosing instead to interpret the 
results of the bivariate tests as an exploratory analysis. I used a significance threshold of 
P<0.20 to detect significant differences in landscape composition between high- and low-
density segments.  
 I used multiple linear regression to investigate the relationships between landscape 
composition at two scales (riparian and watershed) and population density, and between 
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population structure and population density. Predictors were subsequently assessed for 
multicollinearity using Pearson’s product-moment correlation coefficients, using r < 0.7 
as a cut-off for inclusion in multiple linear regression analysis. Exceptions to this cut-off 
are the squared terms of landscape variables, which were paired with the original term 
and both were included in subsequent model-building.  
 Thirty-four variables were evaluated during model building, although a ratio of 3:1 
predictor: response was not exceeded in any given modeling exercise (e.g., Tupper and 
Cook 2007). The variables included in linear and CART modeling were: the four 
landscape variables listed above and the squared term of each of these variables, stream 
sinuosity of the stream segment (represented as a decimal), the density of roads within 
the buffered stream segment (meters of paved, public road divided by area of polygon in 
hectares), and the distance of the stream-segment centroid to the nearest paved, public 
road (Table 4-1).  
 To evaluate the effect of landscape composition using linear regression, I used AIC to 
select the best four-variable model at each scale (to identify interpretable models for 
applied management decisions), and compared model performance at each scale using R
2
 
values and P-values.  
 I also used classification and regression trees (CART; De’ath and Fabricius 2000), a 
nonparametric, multivariate approach, to determine which variables, and at which scale, 
best explained the variation in the wood turtle density estimates. To do so, I used binary 
density estimates, i.e., the  “low” and “high” density populations as described above, 
using 33
rd
 percentile cut-offs (excluding the “medium” category). CART analyses were 
conducted using statistical program R (Compton 2006).  
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Results 
Number of Turtles Captured  
On the 31 primary stream-segment transects, I captured 395 adult and 70 juvenile 
wood turtles between 8 April 2004 and 15 October 2008. The maximum number of adult 
turtles observed on a single 1.6 km segment was 45 (Hampden Co., Massachusetts). I 
failed to detect turtles at one site (Berkshire Co., Massachusetts) and detected only one or 
two turtles at three segments (Berkshire and Franklin Cos., Massachusetts).  
 
Population Estimates 
 Population size and density was estimated for 22 of 31 stream segments based upon 
one year of sampling (Table 4-4). Population estimates for five segments were calculated 
using five seasonal sampling periods over two years (Table 4-5). Insufficient recaptures 
occurred at four segments to estimate population size (Table 4-6). Consecutive annual 
estimates were obtained for seven segments over 2—5 years (Table 4-8). Estimated 
population densities ranged from either 0 or 3.4 to 40.4 turtles per river-kilometer (Rkm, 
kilometer of meandering stream), depending on whether segments where wood turtles 
were detected in insufficient numbers for estimation are included (Table 4-6). Twenty-
fifth percentile, median, and 75
th
 percentile estimated population density was 7.9, 12.5, 
and 23.4 turtles per Rkm, respectively. The error associated with my estimates, as 
determined by the average standard error of the estimate divided by the average 
population estimate, was approximately 31%. Many populations differed significantly in 
density, and segments within ecoregions differed significantly, with the highest densities 
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occurring in the White Mountain region (36.48 turtles per Rkm) and the lowest densities 
occurring in the marble valleys of the Housatonic River watershed (6.92 turtles per Rkm; 
Table 4-3). 
 
Landscape Influence on Population Density 
Bivariate statistical tests did not reveal any significant differences in landscape 
variables between high-density and low-density segments. At the riparian scale, one 
variable and its squared term were nearly significant: log-transformed percent crop cover 
was higher at low-density segments than high-density segments (P = 0.08). Results of the 
bivariate tests, which were conducted on normalized (log-transformed) data, are 
described below. P-values given are for the log-transformed data, but the original data are 
presented to simplify interpretation.  
Generally, watershed areas with high-density wood turtle populations did not differ 
significantly from watershed areas with low-densities. Watershed areas with high-density 
wood turtle segments exhibited similar percentage cover of hayfield, pasture, and open 
habitats as those with low-density segments (8.5% vs. 8.4%; P = 0.89). High-density 
watershed areas exhibited lower crop cover (8.4% vs 16.3%; P = 0.26) and higher forest 
cover (64.6% vs. 50.3%; P = 0.17), although these differences were not significant. High-
density segments occurred in watersheds with similar levels of development than low-
density segments (25.5% vs. 19.3%; P = 0.67), and had similar total distance of paved, 
public road per hectare than watersheds associated with low-density segments (14.7 m vs. 
18.7 m; P = 0.32).  
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Riparian areas with high-density wood turtle populations had similar amounts of 
hayfield, pasture, and open habitats as low-density segments (each have 20%; P = 0.93), 
and had lower crop cover (3.6% vs. 14.1%; P = 0.09) and similar forest cover (65% vs. 
56 %; P = 0.52). Percent development was similar between high- and low-density 
riparian segments (6.2% vs. 9.3%; P = 0.25). High-density segments had slightly fewer 
meters of paved, public road per hectare (13.2 m vs. 17.3 m; P = 0.16) and were on 
average farther from the nearest paved, public road (395 m vs. 208 m; P = 0.15). 
Streams that supported high-density wood turtle populations were less sinuous (1.4 
m/m vs 1.6 m/m; P = 0.41) and occurred at higher elevation (189 m vs. 165 m; P = 0.61) 
than low-density segments. High-density populations occurred on stream segments with 
higher stream gradient than low-density populations (0.51% vs. 0.46%; P = 0.8). High-
density stream segments had less beaver activity (9.4% vs. 21.4%; P = 0.42), similar 
sand and gravel composition (51% vs. 53%; P = 0.84), and similar bedrock and cobble 
composition (12.5% vs. 10.9%; P = 0.82). A major dam defined the downstream portion 
of both a low-density site and high-density site.  
Density was not linearly related to any single landscape variable.  There was no 
significant linear relationship between estimated, minimum, and maximum density, and 
any of the five measured landscape cover-class variables. However, turtle density 
exhibited a uni-modal response when plotted against several landscape variables. 
Multiple linear regression analysis of 11 landscape variables produced three four-variable 
models of equal fit. The model with the lowest AIC, which had an adjusted R-squared of 
0.63, included the following three squared terms: (1) percent open, (2) percent forest, and 
(3) percent developed, and one unsquared term, percent crop. All three squared terms 
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were positively related to density, except for percent crop, which was negatively related 
to population density.  
CART was used to build four trees with four or five leaves, as determined by 
inspecting the cp plot of the watershed-scale tree and applying the same tree size to 
subsequent models (Figures 1-4). The first tree indicates that high-density sites occur 
>297.5 m from roads, and in areas with low percent crop cover (log-transformed) (Figure 
4-1). The second tree analysis, which combines variables from all three scales 
(watershed, riparian, and instream) demonstrates that high wood turtle densities are either 
(a) located more than 297.5 m from the nearest paved, public road and have low amounts 
of row crop between 228 and 1000 m from the river, or are (b) located within 297.5 m of 
a road, and the (log) meters of road per hectare is relatively high, but percent 
development within the riparian area is low (Figure 4-2). The third tree analysis 
demonstrates that at the watershed scale, percent forest (log transformed; percfo1000log) 
and meters of paved road per hectare (log transformed; mroadha1000log) are important 
variables that influence population density at that scale. Specifically, high-density 
populations occur at sites with (log) percent forest cover >0.75, but with meters of roads 
per hectare (log) >2.01 (Figure 4-3). A fourth tree analysis of instream variables 
demonstrates that high densities of wood turtles are associated with medium-sized 
streams (log-transformed) with moderate amounts of sand and gravel (log-transformed) 
(Figure 4-4).  
 
Population Trends 
 117 
I detected population declines significant within 1 SE at a total of three segments 
located in Franklin, Hampshire, and Hampden Counties, Massachusetts (Table 4-6).  The 
overall trend across these seven segments is an annual decline of 6.6 to 11.2 %. The 
lower percentage was obtained by obtaining the difference of the number of adult turtles 
estimated at all seven segments during the first year of observation (162.4 adults) and the 
last year of observation (134.8 adults) and dividing it the total first year estimated 
population. The resulting metric indicates an overall decline of 17.0 % over the variable 
observation period. The average interval between sampling events was 2.57 years, 
indicating a rate of decline across these segments of 6.6% annually. The upper estimate 
was obtained by averaging each observed rate of decline/increase for each sampling 
period. For example, Site C was sampled in five consecutive years and a rate of change 
was obtained for all but the first year. The average annual rate of change between 
consecutive samples was 11.2 %.  
 
Relationships Between Population Density and Structure 
There was no linear relationship between either density or demographic parameters 
and sex ratio and ratio of juveniles to adults. However, as expected, most low-density 
populations (in the 33
rd
 percentile of adult turtles per Rkm) were associated with only one 
sex present, or highly skewed sex ratios, or a lack of juvenile turtles (Tables 4-4, 4-5, and 
4-6).  
 
Discussion 
Population Size and Density 
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Our population estimates appear to be reliable since my first-year population 
estimates were never exceeded by the total number of turtles observed despite multiple 
years of subsequent, intensive surveys in several cases. However, because populations 
with very low densities were excluded from analysis because of lack of recapture data, 
the numbers presented here only apply to densities of highly visible populations. Density 
of wood turtles within central New England likely range from 0 to at least 40.4 turtles per 
Rkm, and from 0 to at least 52.27 turtles per ha of river (Figure 4-5).  
These values are largely consistent, although in some cases much lower than 
published, standardized estimates of adult wood turtle density (Brooks and Brown 1992; 
Foscarini and Brooks 1997; Walde et al. 2003), which have ranged from 9.75 to ~80.59 
turtles per Rkm and from ~4.48 to ~72.0 adult turtles per ha of river (Table 4-8). 
Niederberger and Seidel (1999) published estimates exceeding 800 adults per ha of open 
water, but there is reason to think that the area estimate was calculated differently than 
other studies. In any case, the highest densities reported range-wide by this standardized 
method are those from the Potomac watershed in West Virginia (80.59 adult turtles per 
Rkm; Niederberger and Seidel 1999) and the Maitland watershed of Ontario (~72.0 adult 
turtles per ha of river; Foscarini and Brooks 1997). My highest observed densities of 
44.61 and 52.27 adult turtles per ha of river were from the Merrimack watershed of New 
Hampshire (Figure 4-6).  
Several researchers of related, riverine turtles have reported far higher population 
densities at their study sites. Bury (1972; 1989; in Lovich 1998) reported densities 
equivalent to 600 turtles per Rkm of stream in a northern California population of 
Actinemys marmorata.  
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Population Decline 
Of the seven segments for which I obtained multiple estimates, three showed a 
significant population decline (within 1 SE) during the study period. Two of these 
segments lie along the same stream in Hampden and Hampshire Counties, Massachusetts, 
and exhibited adult mortality rates in excess of 10% annually due to agricultural activities 
such as plowing, crop dusting, pasture mowing, and field conversion. An apparent 
decline on a stream segment in the Westfield macrosite between 2004 and 2005 could 
possibly be due to a faulty population estimate. Because of within-site variation and the 
error associated with this type of modeling, it is more appropriate to consider the estimate 
of population decline derived from pooling the first and last estimates for the seven sites 
with multiple annual estimates, which indicates an annual rate of decline across sites of 
6.6% to 11.2%. Because these figures are consistent with mortality observed across sites, 
these data indicate that elevated mortality rates due to agriculture, floods, and mammals 
are not currently compensated by recruitment.  
These results are consistent with those reported by Garber and Burger (1995), who 
determined that a Connecticut population of G. insculpta declined after the area was 
opened to recreationists. These data are also consistent with anecdotal evidence of 
decline based on early accounts of abundance (Chapter 1, this volume).  
 
Effect of Landscape on Wood Turtle Density 
Significant models were built for two of the three landscape-level analyses (Table 4-
9). Significant variables at the P<0.05 level are discussed below. The most significant 
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model was constructed using variables measured at the watershed scale: (log) percent 
crop cover was negatively related to population density (P = 0.0002), indicating that 
agriculture outside of the riparian area is a strongly limiting factor for wood turtles. (Log) 
percent forest cover and its squared term were both significantly related to density (P = 
0.004 and 0.002, respectively). However, the relationship between the squared term and 
population density was negative, indicating that high population densities are more 
strongly associated with both high and low levels of forest cover than medium forest 
cover. 
At the riparian scale, (log) percent forest cover, and its squared term was also 
significant (P = 0.001 and 0.0008, respectively), but the relationship was reversed ((log) 
percent forest cover was negatively related to density). I interpret this to mean that at the 
riparian scale, densities are highest in areas of moderate forest cover. At this scale, (log) 
percent open cover is positively related to population density, supporting observations 
that early successional habitat near the stream is a limiting resource (e.g., Compton 1999; 
Arvisais et al 2002; Saumure 2004).  
No significant model was obtained for the instream scale (the single variable 
included, wshed.log, had a P = 0.361). This supports the hypothesis that wood turtles are 
tolerant of a wide variety of stream conditions, and their distribution and abundance are 
primarily related to upland habitat characteristics within the range of stream conditions I 
studied.  
Having demonstrated that landscape composition at both riparian and watershed 
scales influences wood turtle density, I used two models to explore the effect of road 
development vs. agriculture on wood turtle population density (Table 4-9). These models, 
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which were obtained by regressing all five road-related variables against density, and all 
four agriculture-related variables against density, strongly indicate that agriculture is a 
more important limiting factor. The (log) percent crop cover at both riparian and 
watershed scales is negatively related to density, indicating that population densities 
decrease with increasing levels of agriculture at both scales. The full agriculture model is 
nearly significant (P = 0.0736), while the roads model is not (P=0.4964).  
Several models included a squared term, indicating that wood turtles exhibit a 
strongly unimodal response to commonly measured landscape variables such as early 
successional habitat, forest cover, and agriculture. This is because unimodal relationships 
are linearized when the predictor is squared. These results suggest that wood turtles 
achieve stable densities and recruitment with some degree of landscape disturbance, but 
begin to collapse beyond a certain moderate threshold.  
 
Management Implications 
My results support the hypothesis that both road density and agricultural development 
have potentially deleterious effects on wood turtle populations, but that the relationships 
differ in their distributions. Wood turtle density appears to be negatively influenced in a 
linear fashion by percent crop, but responds unimodally to road density; that is, with 
increasing road density, wood turtle populations increase and then decrease. Clearly, the 
roads themselves do not provide habitat for wood turtles, but more likely represent an 
artifact of the agricultural era: areas that were farmed in the 1800s and early 1900s may 
be generally more developed than areas that were forested during the same period; for 
this reason, lightly developed areas more recently provided the optimal conditions for 
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wood turtles that low-grade (pre-industrial) agriculture provided. Therefore, my results 
suggest that current agricultural practices are curtailing wood turtle density more than 
either low-intensity roads or development within the areas I studied. This probably 
indicates that the mortality levels associated with agriculture are higher in rural New 
England than those associated with roads. This makes intuitive sense, because road-
crossings may represent several discrete threats, but agricultural activities represent a 
broader-scale disturbance, increasing the likelihood that an animal will be crushed. 
Additionally, my research supports the growing observation that riparian health – here 
measured by the relative population density of a non-vagile, highly resident, semi-
terrestrial vertebrate – is negatively affected by development at the watershed scale. 
Wood turtle populations in central New England appear to have suffered as the result of 
agricultural, residential, and transportation development within and beyond the riparian 
area regularly traveled by turtles in an annual cycle. 
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Tables 
 
Table 4-1. Variables used to build linear models characterizing the relationship between 
upland land use and wood turtle density. Variables were estimated at two scales: riparian 
(228 m) and watershed (1000 m).  
 
Variable name Description of variable 
perc.open* Percent of cover dominated by pasture, hayfield, and nonforested wetland 
perc.fo* Percent of cover dominated by deciduous and coniferous forest 
perc.dev* Percent of cover dominated by residential, industrial, or commercial development 
perc.crop* Percent of cover dominated by row crops 
dist.road Distance of a stream segment's centroid to the nearest paved, public road 
m.road.per.ha* Meters of paved, public road / hectare within a given stream segment's polygon 
* squared term included in models 
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Table 4-2. Stream geomorphology variables used in multiple linear regression models. 
 
Variable name Description of variable 
wshed.log Log transformation of the watershed area of the stream segment in hectares (ha) 
sinuosity* The meandering distance (1.6 or 0.8 km) divided by the linear distance traveled. 
elevation* Mean elevation of the stream segment in meters (m) 
gradient Stream gradient, measured as a percent elevation loss along the segment. 
perc.sand.gravel* Proportion of instream radiolocations associated with sand and gravel deposits 
perc.bedrock.cobble* Proportion of instream radiolocations associated with cobble and bedrock deposits 
perc.beaver* Proportion of instream radiolocations associated with beaver impoundments 
dammed Indicates whether the segment is impounded by a manmade dam (0 or 1) 
* squared term included in models 
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Table 4-3. Average population density of wood turtles in the 5 Central New England 
ecoregions sampled. 
 
    Density (turtles per river-kilometer) 
EPA Level IV Ecoregion N Mean SE Min Max 
Berkshire Transition / Highlands 6 13.43 2.76 5.69 21.63 
Connecticut River Valley 10 12.70 2.53 2.75 26.13 
Western New England Marble Valleys 5 6.92 2.59 0.60 16.38 
Vermont Piedmont 6 8.335 1.63 3.38 13.00 
White Mountains 3 36.48 2.69 31.31 40.38 
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Figures  
 
 
 
Figure 4-1. A three-leaved classification tree with turtle density (0=low, 1=medium, 
2=high) as a categorical response variable. Variables from three landscape scales 
(watershed, riparian, instream) are included. Correct classification rate: Null = 38%, 
Model = 62% (20/32). This model indicates that high-density sites occur >297.5 m from 
roads, and in areas with low percent crop cover.  
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Figure 4-2. A five-leaved classification tree with turtle density as a categorical response 
variable (0=low, 1=medium, 2=high). Variables from all three landscape scales 
(watershed, riparian, instream) are included. Correct classification rate: Null = 38%, 
Model = 78% (25/32). Correct classification rate: Null = 38%, Model = 62% (20/32). 
This tree analysis demonstrates that high wood turtle densities are either (a) located more 
than 297.5 m from the nearest paved, public road and have low amounts of row crop 
between 228 and 1000 m from the river, or are (b) located within 297.5 m of a road, and 
the (log) meters of road per hectare is relatively high, but percent development within the 
riparian area is low. 
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Figure 4-3. Watershed scale: A four-leaved classification tree with turtle density as a 
categorical response variable (0=low, 1=medium, 2=high). Correct classification rate: 
Null = 38%, Model = 69% (22/32). This tree demonstrates that at the watershed scale, 
percent forest (log transformed; percfo1000log) and meters of paved road per hectare (log 
transformed; mroadha1000log) are important variables that influence population density. 
Specifically, high-density populations occur at sites with (log) percent forest cover >0.75, 
but with meters of roads per hectare (log) >2.01.  
 136 
 
 
Figure 4-4. In-stream scale: A five-leaved classification tree with turtle density as a 
categorical response variable (0=low, 1=medium, 2=high). Correct classification rate: 
Null = 38%, Model = 69% (22/32). This tree analysis demonstrates that high densities of 
wood turtles are associated with medium-sized streams with moderate amounts of sand 
and gravel.  
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Figure 4-5. Wood turtle population density at 31 sites in five major New England 
watersheds.  
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Figure 4-6. Wood turtle population density at 31 sites in New England (five major 
watersheds to left), and six published estimates from Ontario, Quebec, Nova Scotia, and 
West Virginia. 
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CHAPTER 5 
 
 
SENESCENCE AND REPRODUCTION IN THE WOOD TURTLE 
 
 
Abstract 
Long-term field studies have indicated that several species of freshwater turtle exhibit 
‘negligible senescence,’ meaning in most cases that adult mortality rates are not related to 
the animal’s age (older adults do not die at a higher rate than young adults) and that 
reproductive output does not decrease with age. However, despite recent advances in this 
area, aging is seldom addressed because most studies of freshwater turtles are 1-5 years 
in duration, a period that represents a small fraction of many species’ estimated lifespan. 
Consequently, age-independent mortality and reproductive rates have not been 
conclusively demonstrated in the wood turtle, Glyptemys insculpta (LeConte 1830). I 
developed a noninvasive method of aging individual turtles, based upon an assessment of 
shell-wear from digital photographs, and demonstrate that (1) wood turtles regularly 
achieve ages over 80 years; (2) reproductive output in females does not decrease with old 
age; (3) copulatory effort does not decrease with old age; (4) survival rates do not 
decrease with old age. Most notably, young adult turtles exhibit mortality rates twice as 
high as old-aged adults. 
 
Introduction 
Senescence is the physiological processes of aging in vertebrates, by which 
reproduction slows or ceases and organ and musculoskeletal systems fail (e.g., 
Christiansen and Gryzbowski 1993). Senescence is a trait common and well understood 
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in mammals (Andersen 1971), but possibly absent or fundamentally different in some 
groups of non-avian reptiles such as crocodilians and turtles. 
Turtles have received attention in recent years because they do not appear to senesce. 
Miller (2001) addressed two criteria when demonstrating ‘negligible senescence’ in a 
population of three-toed box turtles: “(1) no increase in age-specific mortality; and (2) 
negligible functional impairments with age.” Several species of emydid turtles appear to 
reproduce into their 50s, 60s and 70s (e.g., Terrapene carolina carolina, Henry 2003; T. 
c. triunguis, Miller 2001; Emydoidea blandingii, Congdon et al. 2001; Chrysemys picta, 
Congdon et al. 2003). Several studies have indicated that the reproductive output of 
individual turtles does not decrease with age (Hellgren et al. 2000; Congdon et al. 2001). 
Additional studies have indicated that mortality rates in turtles are independent of age 
(Congdon et al. 2001; Congdon et al. 2003).  
Gibbons (1976) compared 700 species of vertebrates from all living classes and found 
that turtles and crocodilians were the longest-lived. Published estimates of maximum 
longevity in the wild range from about 20-30 years in Terrapene ornata (Blair 1976), 
Trachemys scripta (Gibbons and Semlitsch 1982), Chrysemys picta (Frazer et al. 1991) 
and Sternotherus minor (Onorato 1996) to over 50 years in Gopherus agassizii (Germano 
1992), to at least 77 years in Emydoidea blandingii (Congdon et al. 2001). Anecdotal 
evidence (Ernst et al. 1994) and rigorous studies indicate that Terrapene carolina may 
survive beyond 60 years in the wild (Stickel 1978; Henry et al. 2003), Emydoidea 
blandingii survives and reproduces into to at least age 77 (Brecke and Moriarty 1989; 
Congdon et al. 2001), and female Clemmys guttata may achieve ages over 100 years 
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(Litzgus 2006). Ernst (2001) reported known ages of 42 and 46 for male and female 
wood turtles in Lancaster County, Pennsylvania.  
Unfortunately, considering the variety of intriguing questions related to aging, turtles 
are difficult to age in the field. In addition, aging is rarely addressed because most studies 
of freshwater turtles are only 1-5 years in duration (Wilson et al. 2003), although a 
number of multi-decade studies have been conducted (e.g., Blair 1976; Garber and 
Burger 1995; Congdon et al. 2001; Congdon et al. 2003).  
I estimated the age and reproductive output of wood turtles (Glyptemys insculpta), 
comprising portions of several metapopulations in Massachusetts and New Hampshire, to 
determine the influence of age on reproductive parameters such as clutch size, hatchling 
emergence rate, nesting frequency, and total reproductive output. To do so, I developed a 
novel method of aging wood turtles that largely avoids relying on scute annuli. Specific 
objectives were to: (1) determine the longevity of wood turtles by evaluating rates of 
shell wear; (2) evaluate reproductive parameters such as clutch frequency, clutch size, 
and nest success; (3) characterize the relationship between age and reproductive effort 
and success; (4) evaluate the relationship between old age and mortality rates.  
 
Methods 
Study area 
This study was conducted along nineteen tributaries of the Connecticut, Deerfield, 
Housatonic, Merrimack, and Westfield River watersheds of Massachusetts and New 
Hampshire between April 2004 and October 2008 (Figure 5-1). While the Deerfield and 
Westfield are large tributaries of the Connecticut, they are treated here as separate 
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watersheds, while smaller streams flowing directly into the Connecticut River are 
considered part of that watershed. The five major watersheds are hereafter referred to as 
“macrosites”.  
In April, May, and June of each year I surveyed streams and large rivers ranging in 
size from 2
nd
 to 6
th
 order to determine the presence of wood turtles, and to deploy radio-
transmitters on adult wood turtles. In April and May, turtles were captured by searching 
herbaceous and scrub-shrub clearings along the stream and islets within the stream, and 
by walking upstream toward submerged structural features, such as stumps, logs, and 
coarse woody debris, while wearing polarized lenses to reduce surface glare. On occasion 
I used facemasks to explore logjams at deep river bends. In June I surveyed likely nesting 
areas, such as gravel pits, sand and gravel bars, and power line corridors near the stream. 
I subsequently encountered wood turtles incidentally during radio-telemetry.  
 
Initial Capture Protocols and Radio Telemetry 
I individually marked captured turtles by filing the marginal scutes with a steel, slim-
taper triangular file, following the numbering scheme developed by Ernst et al. (1974). 
The midline and maximum length and width of carapace and plastron were measured to 
the nearest 0.25 mm using dial calipers (Northern Tool and Equipment, Burnsville, MN). 
Turtles were weighed to the nearest 2.8 g using a pharmaceutical scale. Digital 
photographs of the carapace and plastron of each turtle were taken at a resolution of at 
least 2048 x 1360 pixels (Canon XTI; Ewing 1939; Galbraith and Brooks 1987b; Averill-
Murray and Klug 2000). Unusual shell features, such as the presence of inguinal, extra, or 
deformed scutes, were also photographed.  
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I equipped 55 turtles with either 10- or 13-g radio-transmitters (MBFT-6, Lotek 
Wireless; Newmarket, ONT; R-2020; Advanced Telemetry Systems; Isanti, MN) each 
year from 2004 through 2008. Radio-transmitter attachment was undertaken in the field. 
Transmitters were secured to the 4
th
 costal scute with dental acrylic (BioCryl Resin, Great 
Lakes Orthodontics; Tonawanda, NY). For animals equipped with Lotek MBFT-6 radios, 
the antenna was secured to the carapace with acrylic by wrapping it around the costal 
scutes. ATS radios were secured at a single point on the 4
th
 costal scute and the antennae 
were not secured, but allowed to trail away caudally.  
 
Aging Turtles Using a Shell-Wear Index 
Most living families of turtles accumulate growth annuli on the keratinous scutes, 
which cover the dermal bone of the carapace and plastron. Growth annuli have been used 
to derive approximate ages of turtles in multiple families in over one hundred recent 
studies (Wilson et al. 2003), such as the emydid species Chrysemys picta (Sexton 1959) 
and Trachemys scripta (Gibbons and Semlitsch 1982), the testudinid Gopherus agassizii, 
Germano 1988, and the chelydrid Chelydra serpentina (Galbraith and Brooks 1989). The 
technique generally does not adequately estimate adult ages of long-lived species 
(Galbraith and Brooks 1989), and may pose additional problems in tropical regions where 
growth maybe correlated with precipitation cycles. At northern latitudes, where the 
summer growth period is sharply defined, annual growth rings may be clearly visible to 
12-17 years of age (e.g., in Michigan Glyptemys insculpta; Harding 1985; Harding and 
Bloomer 1979; in Ontario Chelydra serpentina, Galbraith and Brooks 1987a). No studies 
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have indicated that growth rings are a reliable aging method beyond maturity (Wilson et 
al. 2003). 
In northern North America (40˚ - 46˚N), the most speciose clades of turtles are the 
emydid subfamilies Deirochelyinae (which includes the northern genera Chrysemys, 
Graptemys, Pseudemys and Trachemys) and Emydinae (which includes the genera 
Glyptemys, Emydoidea, Clemmys, and Terrapene)(Gaffney and Meylan 1988; Ernst et al. 
1994; Bickham et al. 1996; Feldman and Parham 2002; Crother et al. 2003; Stephens and 
Wiens 2004). The latter clade is highly terrestrial and appears to exhibit greater longevity 
than the former (species accounts in Ernst et al. 1994). The two clades differ in several 
other ways that have been identified only recently: at least some representatives of the 
emydine clade differ from deirochelyine species by not exhibiting indeterminate growth 
(Congdon et al. 2003), which means that relative size may not be used as a measure of 
age in adult emydine turtles. The Deirochelyinae also differ from Emydinae by shedding 
the epidermal keratinous layers entirely during seasonal or annual molts, while the 
Emydinae retain the previous’ years growth of keratin, as do members of the 
Testudinidae. Because emydine species live many decades beyond attaining sexual 
maturity, a method of aging individual turtles based on characters other than growth rings 
would be useful. 
Several authors have noted that the sculpturing in adult emydines and testudinids, 
caused by the accumulation of distinct growth rings, begins to fade after the turtle reaches 
maturity (e.g., Seelinger 1945; Leuck and Carpenter 1981). In some cases, the sculpturing 
becomes smooth earlier than maturity (Lindeman 1999), and some authors have noted 
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that this phenomenon might be dependent upon substrate (Ashton et al. 1997) or differ 
between populations (Hellgren et al. 2000).  
To identify the ages of wood turtles in my study populations, I first determined the 
reliability of using growth rings to determine the ages of turtles with fewer than 17 rings 
upon their initial capture. To do so, I reviewed digital images of the plastra of individual 
turtles with capture events separated by at least three growing seasons (i.e., a turtle first 
captured in the spring of 2004 could be evaluated after the fall of 2006). Growth rings 
were counted and compared to the known elapsed time using linear regression.  
To determine the rate of shell-wear as a means of aging turtles older than 17, I 
developed a Shell-Wear Metric (SWM), which relies on a subjective, blind assessment of 
9 carapacial scutes (five vertebral scutes and four right costal scutes) and six plastral 
scutes. Each scute was assessed on a four-tiered scale (0 to 3) as either exhibiting “no 
wear,” in which the natal scute is clearly evident and there is no indication of wear 
throughout the surface of scute, including at the vertebral keel; “some wear,” in which the 
growth rings have become indistinct over less than half the area of the scute; “mostly 
worn,” in which more than half of scute’s area is devoid of growth rings but some lines 
are visible on the scute; “completely worn,” in which the entire scute is devoid of growth 
rings (Figure 5-2.) This metric uses more scutes than that proposed by Berry and 
Woodman (1984) and used by Averill-Murray and Klug (2000), and is fairly consistent 
with that used by Callaway et al. (2008) to estimate age-classes of Gopherus polyphemus. 
The result is two metrics: a 27-tiered carapace-wear assessment and an 18-tiered plastron-
wear assessment, called the Shell-Wear Metric (SWM). For subsequent analyses, I 
divided each value by the maximum possible value (i.e., 27 for carapace or 18 for 
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plastron) to obtain a proportional Carapace-Wear Index (CWI) and Plastron-Wear Index 
(PWI). I assessed the rate of wear within each quartile of each index (0.25, 0.5, 0.75, 1). 
Because the CWI is based on 27 possible conditions, each quartile consists of six or 
seven transitional stages, each representing the transition of individual scutes from one 
wear-class to the next. However, a distinction is made from this point forward between 
the Shell-Wear Metric (SWM), which consists of the original 27 and 18 scute 
measurements for carapace and plastron, and the CWI/PWI, which have been 
standardized to create an index ranging from 0 to 1.  
Each animal was blindly assessed at least two years and three growing seasons later, 
by visually inspecting the digital photographs taken upon each incidental capture. 
Photographs were selected to maximize the amount of time between images; for example, 
if a turtle was captured and photographed in 2004, 2007, and 2008, the 2004 and 2008 
images were selected for evaluation. I took several precautions to reduce bias. One- half 
of the photos were evaluated by two researchers, one of whom was completely blind to 
the turtle id and photograph date. When the two did not agree on a SWM for a particular 
scute, the more conservative (i.e., lower) number was selected. Additionally, a turtle’s 
earlier SWM evaluation was not visible when ranking the later photographs. The number 
of transitions for all turtles within each quartile was divided by the sum of the number of 
intervening days between photographs (for all turtles). For example, twenty-nine turtles 
were initially categorized as CWI quartile 1 (<0.25 CWI). The average number of days 
between analyzed photographs was 1179, and on average, 1.52 scutes transitioned from 
one wear-class to the next during the observation period, a rate of 2.1 years per transition. 
Because CWI quartile 1 is based on seven transitional stages, it requires 14.4 years for an 
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animal at the bottom of CWI quartile 1 to transition to CWI quartile 2. An identical 
procedure was used to assess the rate of change from CWI and PWI quartiles 1 to 2, 2 to 
3, and 3 to 4. CWI and PWI quartile ‘4’ represents the point at which a wood turtle’s 
carapace and plastron are completely worn.  
To evaluate the turtle’s age at each quartile, I calculated the average known age for 
the youngest turtles in each index, as estimated by growth rings on the abdominal scute. 
To calibrate the CWI, I estimated ages for turtles with SWM=0, 1, or 2. These ages were 
averaged, and the resulting age was used to represent SWM 1 (CWI = 0.04). To this 
number I added the necessary number of years to transition to the next quartile, and 
repeated this for each quartile.  
To evaluate the potential effect that stream substrate may have on plastral wear, I 
conducted a similar assessment of 44 adult eastern box turtles (Terrapene carolina) from 
Franklin, Hampshire, and Hampden Counties, Massachusetts. Because this sample size 
was smaller than the wood turtle dataset, I did not break the samples into shell wear-class 
quartiles. Rather, I divided the total number of observed scute transitions by the total 
number of intervening days between photographs to obtain a rough assessment of the 
average rate at which all scutes transition from one wear-class to the next. To obtain the 
average age of animals with completely worn carapace and plastron, I multiplied the 
average transition rate by the number of possible transitions from a completely unworn 
shell to a completely worn shell (27 for carapace, and 18 for plastron) and added this to 
the average known age, obtained from growth rings of individuals with SWM ‘0’ or ‘1’.  
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Aging Turtles Using a Plastral Depigmentation Index 
To corroborate my age estimates based on shell wear, I devised an aging method 
based on plastral depigmentation, a probable geriatric condition in wood turtles (pers. 
obs.). Nine of the ten living species within the Emydinae exhibit some degree of black 
pigmentation under the epidermal scutes of the plastron (pers. obs.; J.R. Buskirk pers. 
comm.). However, only in G. insculpta and E. blandingii does this pigmentation 
consistently occur posterolaterally within each of the twelve plastral scutes (pers. obs.). 
In New England G. insculpta, the pigment blotches take on a sharply radiating form by 
the third or fourth year of age, and gradually proceed to become smooth-edged. 
Eventually the blotches begin to fade, and the horn color of the carapace becomes evident 
in patches within the blotch. In very old individuals, the blotches may be lost completely 
(Figure 5-2).  
For each of the 75 turtles evaluated for changes in shell-wear, I developed a Plastral 
Depigmentation Index (PDI), by which I ranked each animal on a scale of 0 to 3, 
approximating the four stages of depigmentation identified above. I assessed the 
transition rate from pigment class 0 to class 1, and from class 1 to class 2, etc., by 
dividing the number of transitions observed within a starting pigment class by the sum of 
intervening days between measurements. For example, upon initial capture, 13 adults 
exhibited plastral class ‘0’, and four appeared to transition to class ‘1’ within the study 
period. The average number of days between pigment measurements for this starting 
class was 1092, giving a rate of change from class ‘0’ to ‘1’ of 2838 days, or 7.8 years. 
An identical approach was used to determine the rate of change from class ‘1’ to ‘2’ and 
‘2’ to ‘3’, at which point an animal could be said to be mostly depigmented. 
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Depigmentation continues after reaching class ‘3’, but my sample size was insufficient to 
evaluate the rate of change. 
To evaluate the turtle’s age at each PDI quartile, I calculated the average known age 
for individuals in pigment class ‘1’, as estimated by growth rings on the abdominal scute. 
To this number I added the necessary number of years to transition to the next class, and 
repeated this for each class.  
  
Determining Reproductive Status and Locating Nests 
The nesting ecology of wood turtles is well understood (Harding 1977; Compton 
1999; Walde et al. 2007). Several studies have found that wood turtle clutch size is 
correlated to straight-carapace length (Brooks et al. 1992; Walde et al. 2007). Walde et al. 
(2007) also found that larger females were more likely to nest in consecutive years than 
smaller females.  
In this study, radio-equipped female wood turtles were manually palpated every 2 to 3 
days between May 15 and July 4 to determine the presence of eggs in both oviducts 
(Compton 1999). Females were monitored every 1 to 2 days following the detection of 
eggs to identify movements to suitable nesting areas such as powerline corridors, gravel 
pits, sandy beaches, and roadsides. Once females had moved into potential nesting areas, 
they were equipped with reverse-spool thread bobbins, using a modified version of 
Milam (1997). I rolled thread bobbins in a single 8 cm x 8 cm piece of aluminum foil, 
with the foil wrapped at one end where the thread exited the bobbin. The foil-wrapped 
bobbins were secured to the shell of the female turtles using camouflage or brown duct 
tape. The leading edge of thread was secured to a shrub and flagged with survey tape 
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indicating the turtle ID, date, and time. After 24 hours, the turtle was radio-located and 
palpated. If the turtle was no longer gravid, a search was undertaken for the nest by 
following the thread, following turtle tracks in sandy substrates, and looking for evidence 
of nesting activity in the form of abandoned nest chambers and visible nests. The 
presence of eggs in each nest was confirmed by digging in the substrate with a spoon. 
Nests were protected from mammal depredation using 1/2” hardware cloth, following 
protocols described by Walde et al. (2007). Thread was removed from the nesting areas 
every 24 hrs.   
 
Results 
Survey Success and Radio Telemetry 
I captured 569 wood turtles, including 237 adult females, between 8 April 2004 and 
11 November 2008. One hundred and eighty-four adults of both sexes were radio-tracked 
for periods ranging from several days to five years and totaling 60,574 days of 
continuous observation. Seventy-six female wood turtles were radiotracked for periods 
ranging from 1 to 5 complete years.  
 
Reliability of Age Estimation Using Growth Rings 
Regression of the observed number of new growth rings on the known number of 
growth periods in a small group of young adult wood turtles (N = 13; mean number of 
growth rings at start = 11.65) did not produce a model with high explanatory ability (R
2
 = 
0.14; N = 13). However, on average, I detected the addition of 1.12 growth rings per 
growing season (May to September) in a sample of 13 young adult turtles measured three 
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growing seasons apart, indicating that for this age class, the number of growth rings 
represents a close approximation of the actual age.  
The estimated age for wood turtles with SWM of ‘1’ was 11.75 for carapace and 
11.65 for plastron, and 13.33 and 14.75 for box turtles. The average age of wood turtles 
with a PDI ‘1’ was 11.35. These ages, again, were estimated from growth rings and 
represent the starting age to which estimates of shell wear are added to estimate later 
ages. In the case of the SWM classes but not the PDI, these ages represent the second 
wear-class (out of 27 or 18) because animals in the first three SWM classes were 
averaged.  
 
Shell Wear Index 
Seventy-five wood turtles of both sexes were encountered at intervals exceeding three 
growth seasons, either through constant radio telemetry or incidental capture during 
targeted surveys, and 44 box turtles were evaluated at three-year intervals.  
I assessed carapace and plastron wear in 75 adult wood turtles of both sexes (38 
females; 37 males) for which capture events were separated by at least three growing 
seasons. Scatterplot analysis of initial carapace- and plastron-wear indices indicated that 
the wood turtle plastron wears faster than the carapace initially (Figure 5-4). Analyses of 
the transition rate from one scute wear-class to the next, defined as the upper end of the 
four quartiles of the shell-wear index, differs slightly for carapace and plastron (Figure 5-
5). On average, both carapace and plastron become completely worn at approximately the 
same age of 78.9 and 83.6 years, respectively, although the carapace initially wears 
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slower. Identical analysis of plastral depigmentation indicates that wood turtles exhibit 
greater than 50% pigment loss by 69.0 years of age.  
Wood turtles of both sexes approaching a CWI and PWI of 1.0 (approximately 80 
years or older) were observed in each of five major drainages studied.  
Box turtles attain a CWI of 1.0 at approximately 64.6 years, or twenty years earlier 
than wood turtles, and a PWI of 1.0 at 54.1 years, twenty-five years younger than wood 
turtles. This was anticipated, because the sample was heavily skewed toward younger 
adults, which causes the transition rate to appear faster than it actually occurs on average 
over the life of a turtle. When I grouped this sample into ‘young’ and ‘old’ turtles by the 
median PWI value to obtain better resolution wear estimates, I estimate that box turtles 
achieve at CWI of 1.0 at 65.1 years and a PWI of 1.0 at 71.5 years.  
 
Reproduction and Nesting 
I observed all or part of the nesting sequence (becoming gravid, movement to nesting 
area, and nest deposition) on 129 occasions and physically located 76 wood turtle nests. 
Nests were deposited between 28 May and 4 July. Median deposition dates for each year 
ranged from 7 June to 20 June; the average of these was 12 June (Table 5-1). I 
determined the deposition time of 40 nests, which primarily occurred in the evening 
(continuing after 1900 hr; 90%). Seven and a half percent were deposited in the afternoon 
before 1900 hr, and 2.5% were deposited before noon. Of 52 nests with known 
emergence rates, 35% were deposited on beaches along the stream in which the turtle 
over-wintered, 27% were deposited in gravel pits, 19% were deposited on sand piles or 
along dirt roads in pastures, 4% were deposited in powerlines, and 2% each were 
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deposited along dirt roads and in a corn field. Sixty-four percent were deposited in sand, 
29% were deposited in mixed sand and gravel; 6% were deposited in organic material 
such as lichen, coarse woody debris or loam or a combination of organic material and 
sand, and 2% were deposited in gravel.  
 
Reproductive Output 
The proportion of radio-equipped females that became gravid and nested ranged from 
0.54 in 2004 to 0.88 in New Hampshire in 2007. The average proportion of females that 
became gravid in each year was 0.74 (Table 5-1). Of twenty-five females tracked for 
multiple consecutive years, the proportion of years in which turtles became gravid ranged 
from 0 to 1 and averaged 0.71 (Table 5-2). Individual nesting rate was not predicted by 
CWI (P = 0.33) or SCL (P = 0.49).  
The average observed clutch size was 7.33 eggs (min = 1; max = 14) (Table 5-3).  
One female (#20; Westfield watershed) deposited two clutches five days apart. The first 
nest contained six eggs and the second nest was depredated several nights after 
deposition (thus, the clutch size is unknown). Older turtles, defined as those above the 
median CWI (0.33), did not lay significantly fewer eggs than younger females (P = 0.41). 
However, the clutch size of younger females was more variable (mean±SD = 8.1±3.66) 
than older females (7.9±2.28). When clutch size was regressed on CWI, the slope was 
negative, but not significantly different from zero (P = 0.18), and little variation was 
explained (R
2
=0.05). Clutch size regressed on straight-carapace length (SCL) produced a 
significant (P = 0.04) model with slightly greater explanatory power (R
2
=0.11) 
demonstrating a positive relationship between the two variables.  
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Emergence rate (nest success), exclusive of depredation by mammalian predators, 
ranged from 0 to 100% and averaged 41% (Table 5-3). When emergence rate, or nest 
success, was regressed separately on CWI and SCL, no significant model was produced 
(P = 0.72; P = 0.56). 
 
Copulatory Effort 
Copulation or courting behavior was observed on 110 occasions, primarily in water. 
At least three copulations occurred on land between 1 and 8 m from the river edge. Older 
turtles exhibited higher rates of copulatory activity, although the difference was only 
nearly significant (P < 0.1; Table 5-4).  
 
Assessing Mortality 
In my radio-equipped sample of 183 turtles, I recorded 19 mortalities. Eight 
mortalities (42%) were attributed to agricultural equipment such as tractors and mowers. 
Other sources of observed or presumed mortality included displacement during floods (N 
= 5), mammal depredation (N = 3), roadkill (N = 2), and unknown causes (N = 1). Eight 
radio-equipped turtles (4.4%) disappeared from the study area; in most cases I attribute 
these losses to rapid, long-distance movements similar to those undertaken by several 
flood-displaced turtles (see Chapter 2), but I cannot rule out collection or radio failure.  
The youngest turtles, with PWI ranging from 0 to 0.25, exhibited mortality rates more 
than twice that of turtles with a PWI of 1.0 (Table 5-5) (based upon number of mortalities 
and days of continuous radio-telemetry for each PWI-quartile).  
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Discussion 
Aging and Senescence  
By demonstrating that wood turtles regularly attain ages exceeding 80 years, this 
study provides additional evidence that members of the freshwater turtle family 
Emydinae are particularly long-lived. In addition, this study provides evidence that the 
Emydine turtles do not exhibit signs of senescence in the form of decreased reproductive 
output with age, and that very old individuals have much higher survival rates than young 
adults.  
There are several potential problems associated with this method of aging turtles. 
First, this study was only five years in duration, which is a small fraction of the age of 
wood turtles in these populations. Even so, the accuracy of this method of aging turtles is 
supported by the Central Limit Theorem, which states that the averages of independent 
random variables with identical distributions will be normally distributed around the 
actual population mean (e.g., Rice 1995). Assuming that the assessments were not biased 
by my familiarity with the appearance of individual turtles, and given that my sample size 
of 75 adults is sufficient, then the error associated with individual scute assessments 
should average out to approximate the actual value. 
There is probably a difference between rates of wear at different sites. At the present 
time, my sample size is not sufficient to evaluate these differences within my study 
population of wood turtles. However, box turtles appear to wear more quickly than wood 
turtles, which was not my expectation. This could be due to a young sample population, 
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or indicate that the seasonal ecology and habitat selection of individual turtles affects the 
rates of shell-wear, or it may indicate an intrinsic difference between the two species.   
 
Reproduction 
Most of my general reproductive parameters are consistent with published reports. 
Wood turtles also typically nest in June in Michigan and New Jersey (Harding and 
Bloomer 1979), Maine (Compton 1999), and Québec (Walde et al 2007). That a majority 
of New England nests are deposited in the evening differs from that observed by Walde 
et al. (2007), who found that 38.5% of nests were initiated between 0500 and 0900 hr.   
My estimates of reproductive output are largely consistent with published estimates, 
if not slightly lower. The proportion of females observed nesting annually by Walde et al. 
(2007) was 0.83, which is higher than my observed rates of 0.74 and 0.71, depending on 
the calculation method. The range of observed clutch sizes is largely consistent with 
published estimates. The observed mean clutch size (7.3) in my study is much smaller 
than that reported from sites in the Great Lakes and southern Canada: Michigan (10.4, 
Harding and Bloomer 1979), Wisconsin (11.0, Ross et al. 1991), and Québec (9.4; 10.6, 
Walde et al. 2007). The values from my study are only slightly smaller than that reported 
from New Jersey (8.0, Harding and Bloomer 1979; 8.5, Farrell and Graham 1991), New 
Hampshire (7.8, Tuttle and Carroll 1997), and Ontario (8.0, Foscarini 1994; 8.8, Brooks 
et al. 1992). My maximum observed clutch size (14) is smaller than that of 18 reported by 
Harding (1977) from Michigan and of 20 by Walde et al. (2007) from Québec. 
Additionally, Harding and Bloomer (1979) state that clutches of 13 to 14 eggs are 
‘common’ in Michigan, and report maximum clutch size in Wisconsin to be 17 eggs 
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(Ratner and Anderson, unpubl., cited in Harding and Bloomer 1979). Combined, these 
data indicate that wood turtle clutch size is larger in the Great Lakes and southern Canada 
than in southern New England and the mid-Atlantic, probably reflecting a significant 
difference in average adult body size.  
Split-clutches deposited multiple days apart have not been reported in the wood turtle. 
Putative split-clutches have been reported in coastal and inland populations of Actinemys 
marmorata (Scott et al. 2008; Lovich and Meyer 2002) and in Pseudemys floridana 
(Ernst et al. 1994), indicating that this may be a widespread phenomenon that is difficult 
to quantify.   
 
Conservation Implications 
Although wood turtles are declining throughout their range (Garber and Burger 1995; 
Saumure and Bider 1998; Daigle and Jutras 2005; Saumure et al. 2007), they remain 
widespread in central New England. I have demonstrated that wood turtles are one of the 
longest-lived vertebrates in New England, and that their reproductive output does not 
decline with advanced age. In addition, I provide evidence that reproductive output is 
highly dependent on the survival of old adults, and their survival rate is much higher than 
that of young adults. This is similar to the top-heavy strategy discussed by Congdon et al. 
(2001), which is present in many emydine turtles. Here I have provided additional 
evidence that the Emydine subfamily of turtles is exceptionally long-lived, and because 
of the top-heavy reproductive strategies employed by the clade, conservation efforts will 
be correspondingly difficult.  
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Tables 
 
Table 5-1. The proportion of radio-equipped female wood turtles that became gravid in 
each year of study, 2004-2008.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Year of 
study State 
Number of radio 
equipped 
females 
Proportion of radio 
equipped females 
nesting 
Median nest 
date 
2004 MA 26 0.54 June 9
th
 
2005 MA 26 0.73 June 10
th
 
2006 MA 26 0.85 June 17
th
 
2007 MA 16 0.69 June 12th 
2007 NH 8 0.88 June 20th 
2008 MA 14 0.79 June 7th 
     
Average   19 0.74 June 12th 
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Table 5-2. Nesting frequency of 25 wood turtle radio-tracked for multiple years between 
2004 and 2008.  
 
     
     
Turtle ID 
Age (carapace 
wear index) 
Straight-
carapace length 
Number of 
consecutive years 
tracked 
Proportion of 
years nested 
10 0.93 164.00 3 0.67 
11 0.04 167.10 2 0.00 
14 0.30 180.45 2 1.00 
15 0.56 165.90 2 0.50 
19 0.67 160.50 3 0.67 
20 0.19 176.70 3 0.67 
21 0.15 176.90 3 1.00 
22 0.22 164.61 2 1.00 
23 0.19 172.98 2 1.00 
59 0.56 165.05 2 1.00 
60 0.74 157.48 5 0.60 
61* 0.00 150.75 4 0.25 
63 0.15 176.40 2 0.00 
66* 0.44 177.50 2 0.50 
75 0.44 166.62 5 0.80 
100 0.41 157.82 5 1.00 
101 0.07 170.90 2 0.00 
102 0.41 165.55 2 1.00 
104 0.07 171.70 2 1.00 
105 0.37 167.47 2 1.00 
110 0.19 177.65 2 1.00 
111 0.19 181.10 2 0.50 
116 0.41 175.20 4 1.00 
242 0.33 176.76 3 0.67 
326 0.11 186.69 2 1.00 
     
Average 0.32 170.15 2.72 0.71 
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Table 5-3. Clutch size, nest success, straight-carapace length, and carapace wear index 
(CWI) (age) for 39 nests with known parentage.  
 
      
Turtle 
ID 
Age (carapace 
wear index) 
Straight-
carapace 
length 
Number of 
consecutive years 
tracked 
First observed 
clutch size 
First observed  
emergence rate 
10 0.93 164.00 3 6 0.17 
14 0.30 180.45 2 5 0.80 
15 0.56 165.90 2 8 0.50 
19 0.67 160.50 3 5 0.00 
20 0.19 176.70 3 1 0.00 
21 0.15 176.90 3 11 0.36 
22 0.22 164.61 2 2 0.00 
23 0.19 172.98 2 11 0.18 
37 0.00 179.10 0 11 0.00 
59 0.56 165.05 2 10 0.20 
60 0.74 157.48 5 5 0.40 
66 0.44 177.50 2 11 0.82 
75 0.44 166.62 5 6 1.00 
78 0.15 173.50 0 6 0.17 
79 0.89 161.70 0 9 0.00 
82 0.11 174.80 0 8 1.00 
100 0.41 157.82 5 8 0.75 
102 0.41 165.55 2 11 0.27 
104 0.07 171.70 2 6 0.00 
105 0.37 167.47 2 6 1.00 
110 0.19 177.65 2 6 0.50 
111 0.19 181.10 2 8 0.63 
116 0.41 175.20 4 10 0.20 
120 0.41 164.90 1 6 0.00 
206 0.04 166.05 1 12 0.00 
240 0.41 169.65 0 5 0.40 
242 0.33 176.76 3 5 0.40 
249 0.26 178.05 1 9 1.00 
259 0.41 179.56 0 11 0.64 
260 0.15 183.20 0 13 0.69 
305 0.15 184.66 1 11 0.00 
316 0.74 168.66 1 6 0.50 
330 0.11 167.64 1 8 0.38 
334 0.19 171.96 1 4 1.00 
335 0.41 180.09 1 9 0.78 
364 0.07 167.89 1 11 0.00 
436 0.15 176.53 0 14 0.29 
500 0.67 159.57 1 7 1.00 
1006 0.44 181.36 1 11 0.00 
      
Average 0.36 170.06 1.72 7.33 0.36 
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Table 5-4. Average number of observed copulations per year exhibited by 183 radio 
equipped adult wood turtles between April and November, 2004 to 2008.  
 
Plastral wear 
index (PWI) 
Number of 
turtles 
Number of days 
tracked 
Number of 
copulations 
observed 
Average number of 
copulations per 
year 
0-0.25 30 8289 18 0.7932 
0.26-0.5 50 12624 29 0.8286 
0.51-0.75 45 15488 30 0.7143 
0.76-0.99 42 13767 56 1.4857 
1.0 16 9991 28 1.0370 
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Table 5-5. Annual survival rate exhibited by 183 radio-equipped wood turtles from 2004 
to 2008.  
 
Plastral wear 
index (PWI) 
Number of 
turtles 
Number of days 
tracked 
Number of 
mortalities 
Annual survival 
rate 
0-0.25 30 8289 6 0.7356 
0.26-0.5 50 12624 2 0.9421 
0.51-0.75 45 15488 5 0.8821 
0.76-0.99 42 13767 3 0.9204 
1.0 16 9991 3 0.8903 
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Figures 
 
 
 
Figure 5-1. The third vertebral scutes of four male wood turtles from the Upper Deerfield 
River watershed, Massachusetts, showing differential wear. Top: “no wear,” class 0 (L); 
“some wear,” class 1 (R); Bottom: “mostly worn,” class 2 (L); “completely worn,” class 
3 (R).  
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Figure 5-2. The right femoral scutes of male wood turtles from the Upper Merrimack and 
Deerfield River watersheds of New Hampshire and Massachusetts, showing differential 
depigmentation. Top: “no loss, pigment sharp-edged” class 0 (L); “no loss, round-edged,” 
class 1 (R); Bottom: “10-50% loss,” class 2 (L); “>50% loss,” class 3 (R).  
 
1
6
9
 
 
F
ig
u
re
 5
-3
. 
R
el
at
io
n
sh
ip
 b
et
w
ee
n
 c
ar
ap
ac
e 
w
ea
r 
an
d
 p
la
st
ro
n
 w
ea
r 
in
 7
5
 a
d
u
lt
 w
o
o
d
 t
u
rt
le
s 
m
o
n
it
o
re
d
 a
t 
le
as
t 
th
re
e 
y
ea
rs
 a
p
ar
t 
b
et
w
ee
n
 2
0
0
4
 a
n
d
 2
0
0
8
. 
 
  
 
1
7
0
 
 
F
ig
u
re
 5
-4
. 
E
st
im
at
ed
 a
g
e 
o
f 
w
o
o
d
 t
u
rt
le
s 
b
as
ed
 o
n
 C
ar
ap
ac
e-
 a
n
d
 P
la
st
ro
n
-w
ea
r 
In
d
ic
es
. 
T
u
rt
le
s 
ex
h
ib
it
in
g
 c
o
m
p
le
te
 l
o
ss
 o
f 
ca
ra
p
ac
e 
an
d
 p
la
st
ra
l 
an
n
u
li
 a
re
 a
p
p
ro
x
im
at
el
y
 8
0
 y
ea
rs
 o
ld
.  
 
1
7
1
 
 
F
ig
u
re
 5
-5
. 
E
st
im
at
ed
 a
g
es
 o
f 
ad
u
lt
 w
o
o
d
 t
u
rt
le
s 
at
 e
ac
h
 o
f 
fo
u
r 
p
la
st
ra
l 
p
ig
m
en
t 
cl
as
se
s.
 W
o
o
d
 t
u
rt
le
s 
w
it
h
 d
ep
ig
m
en
ta
ti
o
n
 e
x
ce
ed
in
g
 
5
0
%
 (
cl
as
s 
4
) 
ar
e 
at
 l
ea
st
 6
9
 y
ea
rs
 o
ld
.
 172 
Literature Cited 
 
Anderson, W.A.D. (ed.) 1971. Pathology. 6
th
 Edition. Mosby Co.; St. Louis. 1 Volume.  
 
Ashton, D.T., A.J. Lind, and K.E. Schlick. Western pond turtle (Clemmys marmorata). 
Natural History. USDA Forest Service, Pacific Southwest Research Station, Redwood 
Sciences Laboratory. 
http://www.krisweb.com/biblio/gen_usfs_ashtonetal_1997_turtle.pdf 
 
Averill-Murray, R.C., and C.M. Klug. 2000. Monitoring and ecology of Sonoran Desert 
tortoises in Arizona. Technical Report 161, Submitted to the Nongame and 
Endangered Wildlife Program, Arizona Game and Fish Department; Phoenix.  
 
Berry, K.H., and P. Woodman. 1984. Preliminary investigations of shell wear in 
determining adult age groups of desert tortoises. Appendix 4 in K.H. Berry (ed.), The 
status of desert tortoise (Gopherus agassizii) in the United States. Report to U.S. Fish 
and Wildlife Service on Order 11310-0083-81.  
 
Bickham, J.W., T. Lamb, P. Minx, and J.C. Patton. 1996. Molecular systematics of the 
genus Clemmys and the intergeneric relationships of Emydid turtles. Herpetologica 
52(1):89-97.  
 
Blair, W.F. 1976. Some aspects of the biology of the ornate box turtle, Terrapene ornata. 
The Southwestern Naturalist 21(1):89-103.  
 
Brecke, B., and J.J. Moriarty. 1989. Emydoidea blandingii (Blanding’s turtle) longevity. 
Herpetological Review 20:53.  
 
Brooks, R.J., C.M. Shilton, G.P. Brown, and N.W.S. Quinn. 1992. Body size, age 
distribution, and reproduction in a northern population of wood turtles (Clemmys 
insculpta). Canadian Journal of Zoology 70:462-469. 
 
John C. Callaway, David C. Rostal, Philip H. Marley, and Jackie W. Entz. 2008. 
Demography of two populations of Gopherus polyphemus:size, age, growth and 
habitat quality. 2008 Annual Meeting of the Society for Integrative and Comparative 
Biology, San Antonio, TX, January 4-6, 2008. 
 
Christiansen, J.L., and J.M. Gryzbowski. 1993. Biology of aging. Mosby-Year Book, 
Inc.; St. Louis.  
 
Congdon, J.D., R. Nagle, O.M. Kinney, and R.C. van Loben Sels. 2001. Hypotheses of 
aging in a long-lived vertebrate, Blanding’s turtle (Emydoidea blandingii). 
Experimental Gerontology 36(4-6):813-827.  
 
 173 
Congdon, J.D., R.D. Nagle, O.M. Kinney, R.C. van Loben Sels, T. Quinter, and D.W. 
Tinkle. 2003. Testing hypotheses of aging in long-lived painted turtles (Chrysemys 
picta). Experimental Gerontology 38(7):765-772.  
 
Crother, B.I., J. Boundy, J.A. Campbell, K. de Quiroz, D. Frost, D.M. Green, R. Highton, 
et al. 2003. Scientific and standard English names of amphibians and reptiles of North 
America north of Mexico: update. Herpetological Review 34:196-203.  
 
Ernst, C.H. 2001. Some ecological parameters of the wood turtle, Clemmys insculpta, in 
southeastern Pennsylvania. Chelonian Conservation and Biology 2001(4):94-99. 
 
Ewing, H.E. 1939. Growth in the eastern box-turtle, with special reference to the dermal 
shields of the carapace. Copeia 1939(2):87-92.  
 
Farrell, R.A., and T.E. Graham. 1991. Ecological notes on the turtle Clemmys insculpta 
in northwestern New Jersey. J. Herp. 25(1):1-9.  
 
Feldman, C.R., and J.F. Parham. 2002. Molecular phylogenetics of emydine turtles: 
taxonomic revision and the evolution of shell kinesis. Molecular Phylogenetics 
and Evolution 22:388-398.  
 
Foscarini, D.A. 1994. Demography of the wood turtle (Clemmys insculpta) in the 
Maitland River Valley. M.Sc. Thesis, University of Guelph; Guelph, Ontario, 
Canadá. 108 pp.  
 
Frazer, N.B., J.W. Gibbons, and J.L. Greene. Growth, survivorship, and longevity of 
painted turtles Chrysemys picta in a southwestern Michigan marsh. American 
Midland Naturalist 125(2):245-258.  
 
Gaffney, E.S., and P.A. Meylan. 1988. A phylogenys of turtles. Pages 157-219 in M.J.  
Benton, ed. The phylogeny and classification of tetrapods. Vol. 1. Amphibians,  
reptiles, and birds. Systematics Association Special Publications. Vol. 35A.  
Clarendon; Oxford.  
 
Galbraith, D.A. and R.J. Brooks. 1987a. Addition of annual growth lines in adult 
snapping turtles Chelydra serpentina. Journal of Herpetology 21:359-363.  
 
Galbraith, D.A. and R.J. Brooks. 1987b. Photographs and dental casts as permanent 
records for age estimates and growth studies in turtles. Herpetological Review 18:69-
71.  
 
Galbraith, D.A. and R.J. Brooks. 1989. Age estimates for snapping turtles. Journal of  
Wildlife Management 53(2):502-508.  
 
Germano, D.J. 1988. Age and growth histories of desert tortoises using scute annuli. 
Copeia 1988(4):914-920.  
 174 
 
Germano, D.J. 1992. Longevity and age-size relationships of populations of desert 
tortoises. Copeia 1992(2):367-374.  
 
Gibbons, J.W., and R.D. Semlitsch. 1982. Survivorship and longevity of a long-lived 
vertebrate species: How long do turtles live? Journal of Animal Ecology 51(2):523-
527.  
 
Harding, J.H. 1977. Record egg clutches for Clemmys insculpta. Herpetological Review 
8:34.  
 
Harding, J.H. 1985. Comments on age determination and growth in a Michigan 
population of the wood turtle (Clemmys insculpta). Abstracts, Joint Annual Meeting 
of the Society for Study of Amphibians and Reptiles and the Herpetologists’ League. 
1985:49.  
 
Hellgren, E.C., R.T. Kazmaier, D.C. Ruthven III, and D.R. Synatzske. 2000. Variation in 
tortoise life history: demography of Gopherus berlandieri. Ecology 81(5):1297-1310.  
 
Henry, P.F.P. 2003. The eastern box turtle at Patuxtent Wildlife Research Center, 1940s 
to the present: another view. Experimental Gerontology 38(7):773-776.  
 
LeConte, J. 1830. Descriptions of the species of North American tortoises. Ann.Lyceum. 
Natur. Hist. New York 3:91-131. 
 
Leuck, B.E., and C.C. Carpenter. 1981. Shell variation in a population of three-toed box 
turtles (Terrapene carolina triunguis). Journal of Herpetology 15(1):53-58.  
 
Lindeman, P.V. 1999. Growth curves for Graptemys, with a comparison to other Emydid 
turtles. American Midland Naturalist 142:141-151.  
 
Litzgus, J.D. 2006. Sex differences in longevity in the spotted turtle. Copeia 2006(2):281-
288.  
 
Lovich, J., and K. Meyer. 2002. The western pond turtle (Clemmys marmorata) in the 
Mojave River, California, USA: Highly adapted survivor or tenuous relict? Journal of 
Zoology 256:537-545.  
 
Miller, J.K. 2001. Escaping senescence: demographic data from the three-toed box turtle 
(Terrapene carolina triunguis). Experimental Gerontology 36(4-6):829-832.  
 
Nichols, J.R. 1939. Data on size, growth, and age in the box turtle, Terrapene carolina. 
Copeia 1939:14-20.  
 
Onorato, D. 1996. The growth rate and age distribution of Sternotherus minor at Rainbow 
Run, Florida. Journal of Herpetology 30(3):301-306. 
 175 
 
Ratner, N., and R. Anderson. 1978. (unpubl.) Population, nesting, movement, habitat, and 
thermoregulation studies of the wood turtle in west-central Wisconsin. (Res. rep.) 
Univ. of Wis. 34 pp.  
 
Rice, J. 1995. Mathematical Statistics and Data Analysis (2
nd
 Edition). Duxbury Press, 
Belmont, CA.  
 
Ross, D.A., K.N. Brewster, R.K. Anderson, R. Ratner, and C.M. Brewster. 1991. Aspects 
of the ecology of wood turtles, Clemmys insculpta, in Wisconsin. Canadian Field-
Naturalist 105:363-367.  
 
Scott, N.J., G.B. Rathbun, T.G. Murphey, and M.B. Harker. 2008. Reproduction of 
Pacific pond turtles (Actinemys marmorata) in coastral streams of Central California. 
Herpetological Conservation and Biology 3(2):143-148.  
 
Seelinger, L.M. 1945. Variation in the Pacific mud turtle. Copeia 1945(3):150-159.  
 
Sexton, O.J. 1959. A method of estimating the age of painted turtles for use in 
demographic studies. Ecology 40:716-718.  
 
Stephens, P.R., and J.J. Wiens. 2004. Convergence, Divergence, and Homogenization in 
the ecological structure of emydid turtle communities: the effects of phylogeny and 
dispersal. The American Naturalist 164(2):244-254.  
 
Stickel, L.F. 1978. Changes in a box turtle population during three decades. Copeia 
1978:221-225.  
 
Tuttle, S.E., and D.M. Carroll. 1997. Ecology and natural history of the wood turtle  
(Clemmys insculpta) in southern New Hampshire. Linnaeus Fund Research Report. 
Chelonian Conservation and Biology 2:447-449.  
 
Walde, A.D., J.R. Bider, D. Masse, R.A. Saumure, and R.D. Titman. 2008. Nesting 
ecology and hatching success of the wood turtle, Glyptemys insculpta, in Québec. 
Herpetological Conservation and Biology 2:49-60.   
 
Wilson, D.W., C.R. Tracy, and C.R. Tracy. Estimating age of turtles from growth rings: 
A critical evaluation of the technique. Herpetologica 59(2):178-194.  
 176 
CHAPTER 6 
 
OBSERVATIONS ON THE FEEDING BEHAVIOR OF WOOD TURTLE IN NEW 
ENGLAND 
 
PART I. Cannibalistic Oophagy in the Wood Turtle 
 
 
Here I report an instance of cannabilistic oophagy in a radioequipped adult wood 
turtle (Glyptemys insculpta LeConte 1830) in Southampton, Massachusetts (Hampshire 
County). This event was observed during the course of a five-year radiotelemetry study 
of wood turtles in Massachusetts and New Hampshire. When my field technician located 
the turtle on 11 May 2005, a freshly deposited wood turtle egg was found on the ground 
immediately behind the turtle. The egg was removed from the site and incubated in the 
lab; it failed to develop. The turtle was radiolocated two days later and was found eating 
the contents of a broken wood turtle egg, which I believe was also deposited by this 
turtle. At this time, the turtle was palpated to determine gravidity (Compton 1999), and 
no eggs were felt in either oviduct. On 29 May, this turtle was again palpated, and eggs 
were felt in both oviducts. She nested during the evening of May 31, the first of 32 
monitored female wood turtles to nest in that year (the median nesting date in 2005 was 
10 June). Her nest consisted of seven eggs, one of which hatched successfully. The 
remaining six eggs apparently did not initiate development. Additionally, I observed egg 
deposition outside of the nest chamber (i.e., exposed on the ground) by a second 
radioequipped, free-ranging wild wood turtle (# 722) in West Stockbridge, 
Massachusetts, on 29 May 2008. While several species of terrestrial emydids have been 
reported to feed upon avian eggs (e.g., G. insculpta, Terrapene ornata, and Terrapene 
carolina) (Legler 1960; Ernst et al. 1994), and cannibalistic oophagy has been reported in 
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a captive T. carolina (Ernst et al. 1994), this is the first report of a free-ranging turtle 
feeding upon its own eggs.  
 
PART II. Additional Observations of Stomp-Foraging in the Wood Turtle 
 
It has been forty years since Zeiller (1969) reported an unusual foraging strategy in a 
captive wood turtle (Glyptemys insculpta LeConte 1830), in which an individual turtle 
thumped their forelimbs and plastra on the ground to apparently bring earthworms to the 
surface. Harding and Bloomer (1979) observed similar behavior in a captive wood turtle, 
and they interpreted the behavior as a social one related to mating. Kaufmann (1986) 
demonstrated that “stomping” behavior in a Pennsylvania population was primarily 
related to foraging for worms. In the years since, tomping and thumping behavior has 
been reported in one tother wild population (Tuttle and Carroll 1997), but has not been 
observed in another species of turtle (Ernst et al. 1994). Here I report two observations of 
stomping behavior in wood turtles in Massachusetts. Between April 2004 and November 
2008, I conducted a study of 126 wood turtles using radio telemetry in Connecticut and 
Merrimack watersheds of Massachusetts and New Hampshire. During this time, I 
obtained 6006 visual telemetry observations of wood turtles in terrestrial habitats. On two 
occasions in June 2005, I observed adult male wood turtles exhibiting the behavior 
described by Kaufmann. At 1653 hr on 1 June 2005, my field technician observed an 
adult male (#9) in a power line right-of-way in Franklin County stomping his forelimbs 
and thumping his plastron on the ground. At 0955 hr on 7 June 2005, I observed an adult 
male (#24) in a wet meadow in Hampden County stomping his front limbs at a rate of ~2 
stomps per second for approximately one minute, at which point the animal appeared to 
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be disturbed by my presence and pulled into his shell. When found, the animal was 
walking through tall grasses. He stopped, stomped approximately 9 or 10 times with his 
left foot, and walked several paces before stopping again and stomping a similar number 
times with his right foot. He then used both legs to lift and drop his plastron 
approximately 3 or 4 times. The stomping action produced a dull ‘thud’ that was audible 
from several meters away. These observations are consistent with the description of this 
behavior reported by Kaufmann, and provide evidence that the phenomenon is not 
geographically restricted.  
 
PART III. Vascular Plants Eaten by Wild Wood Turtles in New England 
 
The North American wood turtle (Glyptemys insculpta LeConte 1830) is an 
omnivorous, semi-terrestrial species known to consume a variety of plant and animal 
material. Fungi, fruits, green leaves, flowers, and invertebrates factor prominently in 
reported diets (Ernst et al. 1994). I conducted a five-year radiotelemetry study of 184 
adult wood turtles, during which up to 55 turtles were radiotracked in each year. I 
observed feeding behavior on 555 occasions between April 2004 and September 2008, 
and determined the food item on 395 occasions. On 90 occasions, I observed wood turtles 
eating the green leaves of plants, which included the following groups (number of 
observations; * denotes invasive species meeting the criteria of “invasive” or “likely 
invasive”; Massachusetts Invasive Plant Advisory Group 2005): Ostrich fern (Matteuccia 
struthiopteris) (2), bracken (Pteridium aquilinum) (5), sedge (Carex spp.) (1), Grass spp. 
(2), reed canary grass (Phalaris arundinacea) (1*), trout lily (Erythronium americanum) 
(2), painted trillium (Trillium undulatum) (1), bishop’s goutweed (Aegopodium 
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podagraria) (1*), jack-in-the-pulpit (Arisaema triphyllum) (2), common milkweed 
(Asclepias syriaca) (2), oriental bittersweet (Celastrus orbicularis) (1), spotted joe-pye 
weed (Eupatorium maculatum) (1), bedstraw (Galium spp.) (2), hawkweed (Hieracium 
spp.) (1), jewelweed (Impatiens capensis) (30), wood sorrel (Oxalis montata)(1), 
Japanese knotweed (Polygonum cuspidatum) (1*), raspberry (Rubus sp.) (1), raspberry 
(Rubus “idaeus”) (2), sheep sorrel (Rumex acetosella) (1), meadowsweet (Spiraea 
latifolia) (1), dandelion (Taraxacum officionale) (5), red clover (Trifolium pratense) (2), 
violet (Viola spp.) (3). Wood turtles were observed eating the following fruits: corn (Zea 
mays) (1), strawberry (Fragaria sp. )(13), apple (Malus sp.) (1), unknown raspberry 
(Rubus sp.) (5), blackberry (Rubus cf. allegheniensis) (2), dewberry (Rubus cf. hispidus) 
(1), raspberry (Rubus cf. idaeus) (3), grape (Vitis spp.) (2).  
Additional food items taken included egg masses of spotted salamander (Ambystoma 
maculatum) (1), trout (Salmonidae) and other fish remains (2), an unidentified bird eaten 
as carrion (1), fungi, including the genus Russula and Lactarius (27), and slugs (221) and 
other invertebrates (25). Substrate and surface debris taken incidentally included cobwebs 
(1), dirt (4), feathers (1), dead graminoids (6), dead leaves (15), mud (2), hemlock (Tsuga 
canadensis) and white pine (Pinus strobus) needles (6), and sand (1).  
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CHAPTER 7 
 
 
A CRITICAL EXAMINATION OF FINDINGS AND PROPOSED FUTURE 
DIRECTIONS 
 
 
  
This study took place in the rural farmland and forested landscapes of western 
Massachusetts and central New Hampshire, two regions separated by approximately 100 
miles. Though disjunct, these regions bear many more landscape characteristics in 
common with one another than to either the heavily urbanized areas within Interstates 
495, 95, and 293 between Boston and Manchester or the expansive belt of boreal forest to 
the north. However loosely defined, both study regions exhibit similar topography 
ranging in elevation from several hundred feet above sea level to over 3000’ and include 
a diversity of low-gradient stream habitats. Both landscapes consist primarily of 
hardwood (oak, maple, birch, elm) and white pine forest interspersed with agriculture of 
varying intensity, and both regions encompass extensive areas that are relatively little-
influenced by limited-access highways and associated industrial and commercial 
development.  
A more thorough analysis of wood turtle ecology, life history, and population status 
in New England would include an investigation of populations in both eastern 
Massachusetts, which is heavily urbanized, and northern New England, which is more 
remote and heavily forested. There are many reasons to think that wood turtle populations 
function differently in these areas than in either of the study regions examined here. 
Specifically, the influence of roadkill on average adult survival is probably much greater 
in eastern Massachusetts and the urbanized eastern seabord than in either of these two 
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study regions. Populations in eastern Massachusetts and southeastern New Hampshire are 
probably suppressed below the levels observed in either western Massachusetts or central 
New Hampshire (see Chapter 5) as a result of habitat fragmentation and roadkill. 
However, this has not been conclusively demonstrated. 
Conversely, populations beyond the scope of this study to the north may achieve 
greater densities in the relative absence of agriculture, fragmentation and roadkill, the 
greatest threats to population stability in the south. In fact, anecdotal accounts indicate 
that wood turtles may be “common” in parts of northern Maine (Hunter et al. 1999; J. 
Mays pers. comm.) (although this was not observed by Compton (1999)). I have observed 
wood turtles to be apparently common in relative comparison to sites in New Hampshire 
and Massachusetts on a large tributary of the Kennebec River.  
I propose that additional work should be conducted to assess the status and ecology of 
wood turtles in  both of these areas, as well as to assess the complex trends of populations 
reported in this volume. In northern New England, this would involve augmenting and 
complementing the work of Compton (1999) and Compton et al. (2002). In eastern 
Massachusetts, this would involve compiling and analyzing the various reports that have 
been submitted to the Massachusetts Natural Heritage and Endangered Species Program 
(NHESP) in the course of their statewide inventory and regulatory review processes, and 
thinking creatively of ways to make statistical inferences from the early collections and 
surveys of Agassiz (1857), Thoreau (e.g., 1857), and others. A rigorous reassessment of 
the western Massachusetts and central New Hampshire sites (i.e., those reported upon 
here) should be conducted at intervals to evaluate population trends. A brief description 
of three proposed projects is outlined below.  
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PART I: Northern New England Regional Wood Turtle Assessment 
Northern New England, including the relatively vast expanse of undeveloped land in 
Coos County, New Hampshire, and northern Maine, could conceivably provide the best 
long-term conservation potential for wood turtles in the region. This area currently lies 
near the northern extent of the wood turtle’s natural range (Ernst et al. 1994), but may 
become even more suitable if the regional climate continues to ameliorate. However, 
outside of the work of Compton (1999), no studies of wood turtles have been conducted 
here. 
During the 1997 and 1998 field seasons, B.W. Compton (1999) assessed the habitat 
use, seasonal movements, and nesting ecology of wood turtles in a large tributary of the 
Kennebec River. More than 10 years have elapsed since his thorough assessment of that 
population, and using capture-mark-recapture analyses, it may be possible to detect a 
shift in population size and/or structure. Compton considered the influence of timed 
dammed releases on adult behavior and nest success, and proposed that one reason the 
population, which appeared to consist of mostly old adults, could have been negatively 
affected by the releases since the dam’s construction in the 1950s.  
Twenty miles north of Compton’s site, I have observed wood turtles to be apparently 
common on a separate river of similar size. By evaluating the population at this site, one 
may draw further inference from Compton’s excellent work and undertake other 
comparisons between his low-density site and the proximal, undammed, high-density 
site.  
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PART II: Eastern Massachusetts Regional Wood Turtle Assessment 
While some prominent populations in eastern Massachusetts have clearly undergone 
declines (see Chapter 1, this volume), recent studies have indicated that several 
populations consisting of more than 25 turtles occur in the towns of Townsend 
(Grgurovic 2005, pers. comm.), Dract (Beaulieu 2008, pers. comm.), and Methuen 
(Windmiller, pers. comm.) in Essex and Middlesex Counties. Conducting standardized 
surveys to obtain estimates of population density would allow for comparisons with 
known low-density sites in the same watershed(s), such as the populations in the Nashua 
and Assabet drainages referenced in Chapter 1 (this volume).  
Finding ways to standardize the findings of Agassiz (1857) and Thoreau (e.g., 1857) 
for comparison with the current reality will be difficult, because neither author provided 
an explicit account of their survey effort. Correspondingly, it may not be worth investing 
much effort in reevaluating those sites. However, with comparably little effort, it should 
be possible to demonstrate that wood turtle populations on both the Nashua River in 
Lancaster, MA and the Assabet River in Concord, MA, have completely collapsed. While 
Agassiz (1857) reported “at times” he had collected more than 100 wood turtles in a 
single afternoon in the “neighborhood of Lancaster…,” I have failed to detect any wood 
turtles despite conducting six thorough surveys (at the time of writing in April 2009) in 
what appears to be the best remaining wood turtle habitat in that town, with optimal 
weather conditions. Additional work at this site as well as on the Assabet will gradually 
solidify the observation that complete population collapse has occurred there.  
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PART III: Western Massachusetts / Central New Hampshire Longterm Wood Turtle 
Study 
Population data presented in this dissertation indicate that wood turtle populations 
within the study region are experiencing pronounced declines. Given that these areas may 
represent some of the higher-quality habitat for wood turtles in New England (as 
discussed in Chapter 3), this is a particularly concerning trend that should be considered 
by regional authorities when considering the listing and regulatory status of this species. 
In Massachusetts, where it is listed as a Species of Special Concern, the wood turtle 
probably warrants the designation of “Threatened” (defined as a native species which is 
“likely to become endangered in the forseeable future, or which are declining or rare as 
determined by biological research and inventory,” because an unknown, but substantial, 
proportion of observations do not reflect viable populations.  
 
Summary 
The wood turtle has sustained declines in urbanized portions of its New England 
range and continues to decline even in more remote regions. However, regionally, it 
remains far more widespread than several other turtle species, including the bog turtle, 
redbelly cooter, Blanding’s turtle, spotted turtle, Eastern box turtle, diamondback 
terrapin, and common musk turtle. While regionally, these other species may take priority 
over wood turtle conservation, it is apparent those wood turtle populations, which have 
not already collapsed, are declining, and there is little evidence that effective 
conservation measures exist that are sufficient to reverse that trend.  
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GRAPHICAL DEPICTION OF SHELL MEASUREMENT LOCATIONS 
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APPENDIX C, cont’d. 
 
GRAPHICAL DEPICTION OF SHELL MEASUREMENT LOCATIONS 
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APPENDIX D. 
MARGINAL SCUTE NOTCHING SCHEME USED IN THIS STUDY (ERNST ET AL. 
1974)  
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APPENDIX E.  
KEY TO STUDY SITE PSEUDONYMS 
 
The actual names and locations of study sites in Massachusetts and New Hampshire have 
not been provided in this dissertation. This is a precaution against illicit collection and 
unnecessary disturbance of adult wood turtles.  
 
A key to the study site pseudonyms is available from the author and has been deposited 
with the:  
 
(1) Massachusetts Natural Heritage and Endangered Species Program 
 Division of Fisheries and Wildlife 
 Rabbit Hill Road 
 Westborough, MA 01581 
 
(2) USGS Cooperative Fish and Wildlife Research Unit 
Attn: Dr. Paul R. Sievert, Assistant Leader 
Department of Natural Resources Conservation 
Holdsworth Building 
University of Massachusetts Amherst 
Amherst, MA 01003 
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